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Presidents  Commentary 


Elizabeth  M.  Ramsey,  1906-1993 


Looking  to  the  Future 

Of  course,  it  may  turn  out  that  the  present  version 
of  the  Romantic  Rebellion  will  peter  out  by  itself — 
although  I  doubt  it  will.  Or  it  may  gain  strength,  as 
it  did  in  19th-century  Germany  and  again  prior  to 
the  totalitarian  victories  in  the  20th.  Or  perhaps 
enough  scientists,  scholars  and  other  intellectuals 
will  cease  their  self-absorption,  and  will  wake  up  to 
the  need  to  rethink  and  vigorously  assert  their 
proper  place  in  the  culture  of  the  future. 

Gerald  Holton* 

Carnegie  lost  two  of  its  most  precious  treasures  in  the  past 
year — the  distinguished  scientists  Barbara  McClintock 
and  Elizabeth  Ramsey.  McClintock  joined  Carnegie's 
Department  of  Genetics  at  Cold  Spring  Harbor  in  1942;  there 
she  continued  her  research  long  after  the  Department's 
closing,  until  her  death  in  September  1992.  Ramsey  came  to 
the  Department  of  Embryology  in  Baltimore  in  1933;  she 
remained  an  active  leader  in  the  Carnegie  family,  taking  a 
major  role  in  the  recent  transfer  of  the  Carnegie  embryo 
collection  to  Walter  Reed,  for  example,  up  to  her  death  in  July 
1993. 

The  highly  productive  careers  of  these  two  biologists  as 
Carnegie  staff  members  carry  a  very  special  significance 
beyond  their  extraordinary  contributions  to  science.  In  many 
institutions  women  are,  to  this  day,  struggling  to  find  places 
where  their  scientific  talents  can  fully  flourish.  Yet  our 
institution  has  been  different.  Perhaps  it  was  Andrew 
Carnegie's  emphasis  on  individual  excellence  that  inspired 
early  generations  of  department  directors,  presidents,  and 
trustees  to  support  gifted  people  regardless  of  sex,  even  in 


""Gerald  Holton,  from  presentation  at  the  1993  Sigma  Xi  Forum,  Ethics,  Values,  and  the 
Promise  of  Science. 
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times  when  others  were  less  visionary.  The  careers  of  these 
two  great  women  scientists  are  as  much  a  testimony  to  the 
earlier  leaders  of  the  Carnegie  Institution  as  to  the  women 
themselves. 

Both  McClintock  and  Ramsey  were  dedicated  to  the 
interests  of  the  Carnegie  Institution  and  to  the  vitality  of  the 
scientific  community.  Both  were  uncomfortable  with  the 
selfish  spirit  that  prevailed  during  much  of  the  1980's,  what 
has  been  called  the  "me"  decade,  and  with  indications  that  the 
1990's  are  shaping  up  as  the  "now"  decade.  Both  were 
troubled  that  the  world  and  our  nation  seemed  to  be  losing 
any  vision  for  the  future,  as  many  had  already  lost  their  sense 
of  the  past,  of  history.  We  share  these  deep  concerns. 

We  believe  that  we  can  be  true  to  the  great  work  of 
McClintock,  Ramsey,  and  many  others  in  our  past  by  standing 
against  these  tendencies,  by  assuring  that  our  Institution's 
vision  for  the  future  remains  strong.  Such  vision  was  apparent 
to  the  department  directors  when  they  gathered  at  Las 
Campanas  in  the  fall  of  1993  for  a  directors'  conference  and 
saw  there  the  beginning  of  construction  work  for  the  new 
6.5-meter  telescope.  Vision  for  tomorrow  was  also  apparent  in 
recent  writings  by  two  past  Carnegie  presidents,  both  still 
active  in  institutional  and  national  scientific  affairs:  Philip 
Abelson  and  James  Ebert. 

Expanding  Opportunities  in  the  Western  Hemisphere 

An  editorial  by  Abelson  in  Science  in  June  1993*  predicted 
that  the  future  will  bring  increased  collaborative  scientific 
efforts  among  nations  of  the  Western  Hemisphere.  He  referred, 
for  example,  to  the  growing  recognition  in  Latin  America  that 
societal  and  economic  benefits  will  grow  from  a  substantial 
commitment  to  basic  scientific  research.  Wondering  of  our 
readiness  to  meet  these  opportunities,  I  reviewed  our  present 
hemispheric  activities,  and  they  turned  out  to  be  remarkably 
abundant. 

Carnegie's  most  visible  Latin  American  connection  is  our 
presence  in  Chile — the  Observatory  at  Las  Campanas  and  its 
administrative  offices  in  La  Serena.  Our  situation  there  is 


f  Philip  Abelson,  Science  260,  p.  1563, 11  June  1993. 
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strengthened  by  our  collegial  relations  with  Chilean 
astronomers,  supported  by  our  commitment,  from  the  earliest 
days,  to  provide  ten  percent  of  the  observing  time  on  the 
Carnegie  telescopes  to  Chilean  astronomers.  This  ten-percent 
allocation  will  extend  to  the  Magellan  Project's  6.5-meter 
telescope  when  it  is  completed,  now  anticipated  in  1997. 
Several  of  the  Chilean  astronomers  who  use  our  facilities 
received  their  Ph.D.  degrees  at  North  American  universities 
with  at  least  partial  support  from  Carnegie's  Chilean 
Fellowship  program.  We  strive  to  support  at  all  times  one  such 
student.  The  stipend  is  provided  from  institutional  funds  and 
from  special  gifts  for  the  purpose  from  good  friends  and 
trustees. 

The  Department  of  Terrestrial  Magnetism  (DTM)  has  been 
active  in  Latin  America  for  many  decades.  The  efforts  include 
field  experiments  often  in  collaboration  with  local  scientists, 
exchange  visits  with  Latin  American  investigators,  and  the 
sharing  of  the  Department's  state-of-the-art  equipment.  For 
example,  Paul  Silver  and  Latin  American  collaborators  are 
employing  DTM's  portable  seismographs  in  a  project  to 
investigate  the  crustal  and  mantle  structure  beneath  the 
Altiplano  and  high  Andes  in  Chile  and  Bolivia.  Through  the 
collegial  initiative  of  the  International  University  Exchange  of 
the  University  of  Chile,  based  here  in  Washington,  DTM  has 


DTM  geophysical  technician  Randy 
Kuehnel  installing  a  portable  seismic 
station  in  Tres  Irmaos,  Sao  Paulo  state, 
Brazil,  at  a  site  accessible  only  by  boat. 
Kuehnel  and  David  James  spent 
several  months  in  Brazil  working  with 
scientists  from  the  University  of  Sao 
Paulo  installing  portable  broadband 
seismograph  systems  at  nine  sites  to 
study  the  deep  structure  of  the 
continental  lithosphere. 
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opened  conversations  for  possible  collaboration  in  the  planned 
multidisciplinary  Center  of  Altiplanic  Studies.  The  vision  of 
the  University  of  Chile  is  to  promote  the  study  of  the  biology, 
ecology,  and  geology  of  the  northern  Chilean  high  desert,  a 
unique  geographic  site. 

Among  other  projects  in  South  America,  David  James  is 
engaged  in  a  collaborative  project  with  Brazilian  scientists, 
reported  in  this  Year  Book  (p.  126),  where  DTM's  portable 
seismographs  are  being  deployed  in  Brazil  to  study  the  nature 
of  the  structure  underlying  the  South  American  continent. 
Meanwhile  Rick  Carlson  is  working  with  Australian 
geochemists  to  analyze  kimberlites  from  Brazil,  hoping  to 
further  understanding  of  how  the  continental  lithosphere 
influences  the  composition  of  rocks  released  by  volcanoes. 
Some  years  ago,  Selwyn  Sacks  and  Alan  Linde  established  a 
strainmeter  network  in  Peru.  They  and  their  Peruvian 
collaborators  hope  that  the  political  situation  there  will 
improve,  mitigating  the  dangers  now  inherent  in  trying  to 
collect  data  from  the  still-operative  network.  At  such  a  time, 
they  will  be  able  to  resume  their  studies  on  the  strain  that 
accompanies  plate  subduction  and  associated  earthquakes. 

Chris  Field,  in  the  Department  of  Plant  Biology,  has,  for 
several  years,  collaborated  with  scientists  from  the  Centro  de 
Ecologia  of  the  Universidad  Nacional  Autonoma  de  Mexico  on 
studies  concerning  the  ecology  of  rainforest  plants.  Recently, 
Field  and  his  collaborators  have  focused  on  aspects  of  the 
biology  of  young  seedlings,  including  the  costs  of  tissue 
construction  and  the  dynamics  of  leaf  production  and  loss,  in 
a  number  of  rainforest  habitats. 

These  ventures  confirm  that  there  already  exists  a  strong 
foundation  enabling  us  to  contribute  to  and  share  in  the  future 
expansion  of  science  in  Latin  America  seen  by  Abelson. 
Meanwhile,  Carnegie's  research  has  as  many  connections  to 
the  north,  to  Canada,  as  it  does  to  the  south. 

The  University  of  Toronto  has  operated  a  telescope  at  Las 
Campanas  since  the  Observatory's  earliest  days.  A  substantial 
number  of  Carnegie  staff  members  and  postdoctoral  fellows 
are  Canadians;  Christopher  Somerville  and  Shauna 
Somerville,  soon  to  be  director  and  staff  member,  respectively, 
at  Plant  Biology,  are  the  most  recent  such  additions.  It  is  not 
surprising  then  that  extensive  collaborative  efforts  are  always 


First  Light  director  Charles  James  with  students  at  Carnegie's  Saturday  science  school. 

ongoing  with  scientists  at  Canadian  institutions.  This  year, 
with  the  encouragement  and  support  of  our  Canadian  trustee, 
William  I.  M.  Turner,  Jr.,  now  chairman  of  the  Executive 
Committee  of  the  Board,  we  established  the  Carnegie 
Institution  of  Canada — Institution  Carnegie  du  Canada.  We 
expect  that  in  time  this  addition  to  our  family  will  encourage 
and  support  research  at  our  centers  by  Canadian  staff 
members,  postdoctoral  fellows  and  associates,  and 
collaborators. 

Reform  of  Science  Teaching 

Readers  of  these  Year  Books  know  that,  in  recent  years,  the 
Institution  has  devoted  effort  to  precollegiate  science 
education;  several  reports  from  First  Light,  our  Saturday 
science  program  in  Washington,  have  appeared  (Year  Book  89, 
pp.  157-161,  Year  Book  91,  pp.  152-156),  and  the  activities  of  the 
Department  of  Embryology  in  Baltimore  are  noted  in  this 
volume  (p.  28).  In  April,  just  a  few  months  before  his 
distinguished  term  as  vice  president  of  the  National  Academy 
of  Sciences  ended,  James  Ebert  addressed  the  Academy's 
annual  meeting  on  the  subject  "Reforming  Mathematics  and 
Science  Education:  A  New  Era."*  As  Ebert  explained,  and  as  I 
too  believe,  the  scientific  community  has  been  largely 
divorced  from  participation  in  curriculum  development  for 
science  teaching  in  the  nation's  primary  and  secondary 


*James  Ebert,  "Reforming  Mathematics  and  Science  Education:  A  New  Era,"  National 
Academy  Press,  1993. 
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schools  and,  perhaps  more  critically,  from  the  training  of 
teachers.  Thus,  the  well-documented  inadequacy  of  schools  in 
the  training  of  young  people  for  technical  careers  at  all  levels 
is  at  least  partly  a  consequence  of  the  scientific  community's 
evasion  of  responsibility.  The  problems  will  be  solved,  if  at  all, 
by  rolling  up  our  sleeves  and  working  to  influence  activities  at 
the  local  level,  where  educational  policy  is  formulated  and 
implemented.  There  is  a  role  for  nationwide  efforts,  and  the 
Academy  is  aggressively  pursuing  such  efforts,  as  Ebert 
described  in  his  talk.  But  these  will  come  to  naught  unless 
they  are  supported  locally.  Bruce  Alberts,  the  new  president  of 
the  Academy,  is  working  to  inspire  Academy  members  to 
undertake  educational  activities  in  their  own  cities  and  states. 
Based  on  our  experiences  with  First  Light  and  a  few,  short 
teacher-training  sessions  at  our  headquarters  on  P  Street,  we 
decided  to  expand  our  efforts.  After  a  year's  work,  supported 
by  planning  grants  from  several  private  foundations,  we 
submitted  a  major  proposal  to  the  National  Science 
Foundation  to  train,  over  five  years,  450  District  of  Columbia 
elementary  school  teachers  in  the  techniques  of  inquiry -based 
instruction  in  science  and  math.  We  are  pleased  that  we  will 
have  the  chance  to  proceed,  as  the  Foundation  has  now 
indicated  that  the  grant  will  be  awarded.  We  believe,  with 
Ebert,  that  "reform  can  be,  will  be,  a  reality/' 

Ensuring  Future  Leadership  in  Discovery 

In  approaching  the  future  we  need  not  be  slaves  to  the 
past.  True,  our  programs  must  fit  our  facilities  and  the 
qualifications  of  our  staff,  but  we  do  not  need  to  follow  a 
path  merely  because  we  have  followed  it  for  a  long  time. 
We  should  follow  it  only  if  re-examination  shows  that  the 
path  is  good  and  leads  to  a  genuinely  worthwhile  goal.... 
We  should  be  willing  courageously  to  attempt  to  state 
what  it  is  that  we  wish  to  find  out  as  a  result  of  our 
research  efforts  and  why  we  wish  to  know  it. 

Vannevar  Bush 
Report  of  the  President,  1944 

All  research  institutions  have  an  obligation  to  the  public 
which  supports  research  in  spirit  and,  more  concretely, 
through  financial  support.  Our  primary  way  of  meeting  that 
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obligation  is  to  assure  the  excellence  and  integrity  of  Carnegie 
research.  It  is  therefore  essential  to  provide,  on  a  regular  basis, 
for  critical  examination  of  our  programs.  This  is  accomplished 
in  two  ways.  First,  about  every  three  years,  a  committee 
composed  of  trustees  and  external  experts  visits  each 
department  and  reviews  the  research,  staff,  and  facilities;  a 
written  report  is  submitted  by  the  committee  to  the  president, 
who  shares  it  with  all  trustees  and  the  department  director. 
Second,  reviews  of  the  work  of  individual  staff  members  and 
department  directors  are  carried  out  at  least  every  five  years; 
evaluations  are  obtained  from  scientific  peers  in  other 
institutions  both  in  the  United  States  and  abroad. 

These  regular  processes  are  primarily  directed  at  the  quality 
of  current  activities;  rarely  do  they  engage  long-term  issues 
such  as  Carnegie's  overall  contribution  to  specific  fields  or, 
indeed,  the  vitality  of  the  fields  themselves  within  the  broad 
scope  of  international  scientific  research.  Yet,  contemporary 
science  develops  very  rapidly.  The  "cutting  edge,"  where  we 
want  to  concentrate  our  efforts,  is  a  moving  target. 
Occasionally  then,  we  must  undertake  a  special  examination 
of  our  work,  a  critical  look  at  where  we  are  relative  to  the 
"cutting  edge"  and  how  we  need  to  modify  our  efforts  to 
sustain  scientific  originality  and  excellence. 

To  these  ends,  the  department  directors  undertook  critical 
examinations  of  their  departmental  programs  during  1992. 
Their  confidential  reports  were  received  by  the  president  by 
late  1992  and  were  distributed  to  the  trustees  in  time  for 
discussion  at  the  Annual  Meeting  of  the  Board  in  May  1993. 
Subsequently,  a  group  of  trustees  met  to  discuss  the  reports 
with  a  small  group  of  leaders  from  the  external  scientific 
community.  The  purpose  of  the  meeting  was  to  assure  that  our 
self-examination  was  not  overly  biased  by  parochial  views  and 
would  reflect  a  broad  sense  of  the  future  of  the  scientific 
enterprise.  Throughout  this  process,  we  were  guided  by  the 
words  of  a  previous  president,  printed  on  the  facing  page. 

As  was  to  be  expected,  the  most  productive  part  of  the 
process  was  the  necessity  for  the  department  directors  to  stand 
back  from  short-term,  narrow  considerations  and  think  about 
broad,  future  directions.  Although  each  departmental  report 
was  distinctive,  there  was  unanimous  reaffirmation  of 
Carnegie's  traditions.  These  principles,  stated  below,  were 
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confirmed  by  the  external  advisors. 

— The  departments  are  collections  of  talented,  dedicated 
individual  scientists  pursuing  their  own  interests  and,  to 
the  extent  possible,  maintaining  their  independence. 

— The  Institution  should  be  concerned  with  fundamental 
questions  about  the  natural  world  and  should  judge  its 
accomplishments  on  the  basis  of  excellence  and  originality. 

— The  training  of  young  scientists  is  an  integral  element  in 
achieving  the  goals. 

Science  and  the  Culture  of  the  Future 

The  charge  given  the  Institution  by  Andrew  Carnegie  and 
included  in  our  Congressional  Charter  signed  by  President 
Theodore  Roosevelt  in  1904 

...to  encourage,  in  the  broadest  and  most  liberal  manner, 
investigation,  research,  and  discovery,  and  the  application 
of  knowledge  to  the  improvement  of  mankind... 

can  be  considered  in  the  light  of  the  current  national  debate 
about  the  relation  between  science  and  technology.  The  debate 
is  especially  unsettling  because  it  is  an  aspect  of  a  broader 
discussion  about  the  very  assumptions  that  have  guided 
scientific  and  scholarly  research  for  centuries.  Professor  Gerald 
Holton's  remarks,  printed  at  the  beginning  of  this  essay, 
succinctly  summarize  the  core  issues.  While  we  have  not,  as  an 
institution,  entered  this  debate,  we  do  not  ignore  what  is  going 
on,  and  many  Carnegie  scientists  participate  as  individuals  in 
the  discussions.  Some  of  us  even  find  ourselves  wishing  for 
the  reincarnation  of  the  forceful  voices  of  Andrew  Carnegie 
and  Vannevar  Bush.  These  two  men,  half  a  century  apart, 
understood  the  importance  to  our  national  well-being  of  a 
vigorous  effort  in  basic  research.  And  they  both  knew  how  to 
command  attention. 

It  is  impossible  to  "speak"  for  Carnegie  scientists  as  a 
group,  but  many  of  us  are  concerned  that  the  current  national 
emphasis  on  technological  development  is  weakening  support 
for  fundamental  science.  The  development  of  new  knowledge, 
knowledge  to  be  acquired  for  its  own  sake  and  for  what  it 
does  to  enhance  the  human  condition  and  our  planet's 
well-being,  has  been  the  historical  driving  force  behind  true 
technological  innovation.  Thus,  we  noted  with  some  dismay 
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that  at  the  very  interesting  and  successful  "economic  summit" 

held  in  Little  Rock  by  the  then  new  national  administration, 

science  was  one  of  the  few  endeavors  not  represented. 

Technology  was  there,  but  not  science.  Meanwhile,  among  the 

large  circle  of  "Friends  of  Bill"  reported  in  the  media,  no 

scientist  appears.  Influential  Members  of  Congress  are  so 

concerned  about  short-term  technological  pay-offs  that  they 

are  minimizing  the  importance  of  the  underlying  advances  in 

fundamental  knowledge. 

It  has  seemed  at  times  as 

though  the  scientific 

community  is  becoming 

marginal,  integrated 

neither  personally  nor 

philosophically  into  the 

national  life.  Even  the 

participation  of  the 

President  and  Vice 

President  in  the 

wonderful  White  House 

ceremony  where  our 

colleague  Vera  Rubin, 

along  with  others, 

received  the  National 

Medal  of  Science  in  the 

fall  of  1993,  generated 

only  the  briefest  press 

reports  and  failed  to 

dissipate  the  gloom.  We  can  hope  that  the  strong  and  able 

scientists  appointed  to  direct  the  National  Institutes  of  Health 

and  the  National  Science  Foundation  and  to  serve  as  the 

President's  science  advisor,  can  establish  with  President 

Clinton  a  collegial  and  visionary  community. 

Confusing  signals  even  come  from  science's  long-time 
advocate  in  Congress:  Congressman  George  Brown  of 
California,  Chairman  of  the  House  Committee  on  Science  and 
Technology.  He  has  been  remarkably  forthright  and  brave  in 
challenging  his  colleagues'  practice  of  scientific  pork- 
barreling.  Last  year  about  $700  million  was  appropriated  for 
scientific  facilities  by  this  route,  without  benefit  of  peer  review 
or  any  other  review  for  that  matter;  in  the  same  year,  the 


Vera  Rubin  received  the  National  Medal  of  Science  from 
President  Clinton  on  September  30, 1993. 
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National  Science  Foundation  had  only  $37  million  to  dispense 
for  that  purpose  through  its  regular,  rigorous  review  process. 
While  I  congratulate  and  honor  Congressman  Brown  for  his 
principled  stand  on  pork-barreling,  I  respectfully  disagree 
with  the  thrust  of  the  Report  of  the  Task  Force  on  the  Health  of 
Research,  published  in  1992  by  the  House  Committee  on 
Science  and  Technology.  In  this  report,  and  also  in 
Congressman  Brown's  recent  speeches,  the  scientific 
community  has  been  criticized  for  failing  to  solve  major 
national  problems  such  as  population,  poverty,  and  ill  health. 
In  fact,  many  of  these  problems  could  be  ameliorated  by 
scientific  knowledge  already  in  hand;  it  is  politics,  not  lack  of 
scientific  effort  that  stands  in  the  way. 

Of  even  more  concern  is  the  explicitly  mandated  shift 
favoring  technology  in  the  report  accompanying  the  1994 
appropriations  bill  for  the  National  Science  Foundation.  This 
language,  which  originated  in  the  Senate  Committee  on 
Appropriations,  chaired  by  Senator  Barbara  Mikulski  of 
Maryland,  signifies  a  major  redirection  of  the  programs  of  the 
National  Science  Foundation.  Vannevar  Bush  had  a  vision  of  a 
National  Science  Foundation  that  would  provide  the 
knowledge  and  scientific  training  to  undergird  the  nation's 
technical  and  economic  strength.  His  writings  have  been 
quoted  more  and  more  frequently  these  last  few  years,  but  it 
seems  that  few  are  listening. 

Congressman  Brown  has  also  urged  scientists  to  become 
better  politicians  on  behalf  of  science.  In  this  he  is  contributing 
to  the  redefinition  of  science  as  yet  another  special  interest. 
Perhaps  this  is  inevitable;  our  country  is,  these  days,  being 
fragmented  into  individual  political  communities.  Yet, 
scientists  have  always  thought  that  the  pursuit  of  new 
knowledge  was  a  universal,  not  a  special  interest.  They  are, 
reluctantly,  trying  to  adjust  to  the  new  imperative,  but  are 
fearful  of  contributing,  at  the  same  time,  to  the  decay  of  the 
fervor  for  frontiers  that  characterizes  adventurous  and 
progressive  nations. 

An  Object  Lesson 

We  gained  a  fascinating  insight  this  year  into  how  rigorous, 
fundamental  knowledge  often  forms  the  foundation  for 
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solving  very  real  problems.  Staff  member  Douglas  Rumble  of 
the  Geophysical  Laboratory  served  as  a  member  of  a  National 
Research  Council  Committee  charged  with  resolving 
controversial  views  about  the  suitability  of  Yucca  Mountain  in 
Nevada  as  a  site  for  storage  of  radioactive  wastes.  The  task 
required  acquisition  and  evaluation  of  data  from  many  of  the 
subdisciplines  within  the  earth  sciences,  and  the  panel  was 
able  to  come  to  a  definitive  conclusion.  Rumble  made  a 
forceful  statement  about  the  value  of  basic  research  when  he 
wrote  to  Charles  Prewitt,  director  of  the  Geophysical 
Laboratory,  about  his  experience  on  the  panel. 

The  geochemical  community  has  labored  for  generations 
to  perfect  powerful  techniques  for  age-dating  geological 
events  and  for  tracing  fluids  moving  through  Earth's 
crust.  The  techniques  are  usually  applied  to  questions  of 
basic  science  such  as  what  is  the  age  of  collision  of  two 
tectonic  plates  or  how  much  water  flowed  through  the 
crust  during  metamorphism?  Such  work  is  of  keen 
intellectual  interest  but  has  little  practical  application,  or 
so  one  might  have  thought.  But,  it  is  the  same  techniques 
that  proved  of  crucial  importance  in  evaluating  the  threat 
posed  by  rising  ground  water  to  the  proposed 
repository...  Here  is  yet  another  example  of  basic  science 
that,  in  the  fullness  of  time,  comes  to  serve  the  direct 
needs  of  society.  * 

Rumble  wrote  of  his  satisfaction  that  after  decades  of  generous 
support  of  geochemical  research  by  the  Federal  government, 
he  had  an  opportunity  to  pay  back  the  public  by  helping  to 
solve  a  real  problem  and  improve  the  Earth  for  future 
generations. 

There  is,  in  this  episode,  strong  argument  for  continued 
support  of  the  acquisition  of  fundamental  scientific  knowledge 
as  well  as  a  telling  response  to  the  contention  that  science  is 
not  serving  the  public  interest. 

— Maxine  Singer 
November  1993 


*Douglas  Rumble,  Excerpt  from  a  late-1992  letter  to  Charles  Prewitt,  director  of 
the  Geophysical  Laboratory,  and  forwarded  to  Maxine  Singer,  president  of 
Carnegie  Institution.  Published  in  Spectra:  The  Newsletter  of  the  Carnegie  Institution 
of  Washington,  March  1993,  pp.  8-9. 
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One  Hundred  Years  of  Philanthropy 

by  Susanne  Garvey 

A  noted  writer  on  philanthropy,  Waldemar  A.  Nielsen, 
recently  wrote  in  The  Chronicle  of  Philanthropy  about  the 
tendency  of  very  large  philanthropies  to  slide  into  predictable 
levels  of  bureaucracy  and  mediocrity  over  the  course  of  their 
long  life  spans.  As  an  example  of  how  philanthropically 
minded  individuals  with  large  fortunes  can  avoid  this  fate,  Mr. 
Nielsen  cited  Andrew  Carnegie,  who  divided  up  his  fortune 
into  a  number  of  relatively  small,  highly  focused  entities.  He 
specifically  mentioned  the  Carnegie  Institution  of  Washington 
as  one  of  Mr.  Carnegie's  successes,  "working  well  to  this  day, 
many  decades  later." 

Mr.  Carnegie  was  the  first  American  philanthropist  to 
ponder  the  question  of  what  makes  philanthropic  good  works 
successful  and  to  articulate  his  insights  for  the  benefit  of  his 
contemporaries.  In  his  Gospel  of  Wealth,  published  in  1889,  he 
wrote  that  much  of  19th-century  philanthropy  was 
degenerating  into  mere  "alms-giving,"  which  would  only 
perpetuate  a  continuing  dependence  on  alms  among  the  poor. 
The  kind  of  philanthropy  he  espoused  should  empower 
individuals  to  better  themselves  and  society  at  large.  In  an  era 
when  universities,  hospitals,  public  libraries,  and  scientific 
research  institutions  were  truly  scarce,  he  made  a  strong  case 
for  creating  these  public  amenities  in  every  major  community 
throughout  the  land. 

In  1902,  after  founding  hundreds  of  libraries,  Andrew 
Carnegie  founded  the  Carnegie  Institution  of  Washington  as 
his  legacy  to  scientific  research.  Though  he  had  no  scientific 
background  or  training,  he  was  fully  alive  to  the  wonders  and 
accomplishments  of  science.  In  the  Gospel  of  Wealth  he  wrote: 

If  any  millionaire  be  interested  in  the  ennobling  study  of 
astronomy — and  there  should  be  and  would  be  such  if 
they  but  gave  the  subject  the  slightest  attention — here  is 
an  example  which  could  well  be  followed,  for  the 
progress  made  in  astronomical  instruments  and 
appliances  is  so  great  and  continuous  that  every  few  years 
a  new  telescope  might  be  judiciously  given  to  one  of  the 
observatories  upon  this  continent,  the  last  being  always 
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the  largest  and  the  best,  and  certain  to  carry  further  and 
further  the  knowledge  of  the  universe  and  of  our  relation 
to  it  here  upon  the  earth. 

Mr.  Carnegie  fulfilled  this  vision  by  providing  the  resources 
for  the  Carnegie  Institution  of  Washington  to  build  not  one, 
but  two  major  telescopes  on  Mount  Wilson.  As  Mr.  Carnegie 
envisioned  with  such  clarity,  these  world-class  instruments 
would  make  it  possible  for  Carnegie  astronomers  to 
revolutionize  humankind's  understanding  of  the  history  and 
composition  of  the  universe. 

In  the  years  since  Mr.  Carnegie's  death  in  1919,  the  trustees 
of  the  Carnegie  Institution  have  frequently  examined  the 
physical  needs  of  the  Institution's  scientists  and  have 
successfully  located  funding  for  significant  upgrades  of  their 
research  facilities.  Most  recently,  in  1989,  the  trustees  made  the 
decision  to  embark  on  a  $50  million  Capital  Campaign  to 
secure  funds  for  several  important  projects  requiring  major 
investments  of  capital. 

Foremost  among  the  campaign's  projects  is  Magellan, 
which  will  require  more  than  $30  million.  The  late  Crawford 
and  Margaretta  Greenewalt  and  the  Ambrose  Monell 
Foundation  have  generously  provided  most  of  the  $5  million 
that  has  thus  far  been  specifically  contributed  for  this  major 
telescope-building  project.  Other  donors  to  the  Magellan 
Project  include  Paul  Miller,  John  Sherrerd,  and  their  partners  at 
Miller,  Anderson  &  Sherrerd,  and  trustees  David  Greenewalt 
and  Robert  Seamans. 

Since  1989,  the  Capital  Campaign  General  Fund  has 
received  just  under  $11  million  in  gifts  and  pledges.  These 
unrestricted  contributions  are  particularly  welcome  because 
they  give  the  Institution  the  freedom  to  allocate  funds  to  the 
projects  that  need  them  first.  Major  donors  to  the  General 
Fund  include  trustees  Philip  Abelson,  John  Diebold,  James 
Ebert,  Sandra  Faber,  Robert  Goelet,  William  Golden,  Caryl 
Haskins,  Richard  Heckert,  Kazuo  Inamori,  Gerald  Laubach, 
Thomas  Urban,  and  Sidney  J.  Weinberg,  Jr.,  the  Xenia  and 
Irwin  Miller  Trust,  trustees  emeriti  William  Hewlett  and 
Richard  Perkins,  and,  by  bequest,  former  staff  Liselotte  Beach, 
Alexander  Pogo,  and  Elizabeth  Ramsey. 

The  Capital  Campaign  is  also  responsible  for  securing  $6.8 
million  for  renovation  and  construction  at  the  two  west  coast 
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Andrew  Carnegie  and 
George  Ellery  Hale,  at 
the  60-inch  telescope, 
Mount  Wilson,  1910. 

departments — the  Department  of  Plant  Biology  at  Stanford 
and  the  Observatories  in  Pasadena.  The  Department  of  Plant 
Biology  outgrew  its  laboratory  facilities  some  years  ago,  while 
the  Observatories  lost  critical  shop  and  laboratory  facilities  in 
two  large  southern  California  earthquakes.  To  date,  the  Capital 
Campaign  has  attracted  $1.3  million  specifically  for  these  two 
construction  projects — from  the  Ahmanson  Foundation,  the 
W.  M.  Keck  Foundation,  trustee  Antonia  Ax:son  Johnson,  and 
trustee  emeritus  William  Hewlett.  Funds  have  also  been 
allocated  from  the  Capital  Campaign  General  Fund  for  these 
two  projects. 

Andrew  Carnegie's  commitment  to  innovative  scientific 
instrumentation  is  but  one  of  the  pillars  upon  which  the 
success  of  the  Carnegie  Institution  is  built — the  other  being  its 
investment  in  the  exceptional  individual.  The  Capital 
Campaign  has  been  charged  with  raising  funds  for 
endowments  created  in  memory  of  three  individuals  who 
made  extraordinary  contributions  to  science  during  their 
lifetimes.  These  new  endowed  funds  are  the  McClintock 
Fellowship  Fund  in  memory  of  Carnegie  geneticist  and 
Nobelist  Barbara  McClintock,  the  Bush  Chair  for  the  President 
of  the  Carnegie  Institution  in  memory  of  Vannevar  Bush 
(president,  1939-1955),  and  the  Greenewalt  Chair  for  the 
Director  of  the  Observatories  in  memory  of  former  trustee 
Crawford  Greenewalt.  Of  the  $8.8  million  goal  for  the  three 
endowments,  just  under  10%  has  been  pledged  and 
contributed  to  date.  Major  donors  to  these  endowments 
include  Bennett  Archambault,  David  Baltimore,  Bristol-Myers 
Squibb  Company,  John  T.  and  Mary  Connor,  the  Cecil  and  Ida 
Green  Foundation,  Merck  Research  Laboratories,  Monsanto 
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Company,  Pioneer  Hi-Bred  International,  Cary  Queen,  David 
Rockefeller,  Maxine  Singer,  John  Weinberg,  the  Whitehead 
Charitable  Foundation,  Charles  Yanofsky,  members  of  the 
Genetics  Society,  and  trustees  Philip  Abelson  and  David 
Greenewalt. 

In  March  1993,  the  trustees  of  the  Andrew  W.  Mellon 
Foundation  informed  the  Carnegie  Institution  that  it  would 
participate  in  the  Capital  Campaign.  After  many  years  of 
supporting  the  work  of  scientists  at  the  Department  of  Plant 
Biology,  the  Mellon  Foundation  issued  the  following  challenge 
to  the  Carnegie  Institution:  between  now  and  1998,  the  Mellon 
Foundation  will  match,  dollar-for-dollar,  up  to  $1.5  million 
that  Carnegie  raises  for  a  newly  created  fund  for  the 
Department  of  Plant  Biology.  If  Carnegie  succeeds  in  meeting 
the  challenge,  the  fund  will  reach  a  total  of  $3  million.  To  date, 
the  Carnegie  Institution  has  attracted  $600,000  in  applicable 
gifts  and  pledges,  which,  when  matched  by  the  Mellon 
Foundation,  will  yield  $1.2  million.  Donors  to  the  matching 
fund  include  the  Johnson  &  Johnson  Family  of  Companies, 
Jean  Wallace  Douglas,  and  the  Monsanto  Fund. 

As  of  November  1, 1993,  the  Carnegie  Institution  of 
Washington's  Capital  Campaign  has  attracted  a  total  of  $21 
million  in  gifts  and  pledges.  This  amount  represents  42%  of 
the  $50  million  needed  to  underwrite  the  costs  of  the  Magellan 
and  construction  projects,  the  endowed  funds,  and  the  Mellon 
Challenge.  During  this  first  phase  of  the  Capital  Campaign, 
contributions  have  primarily  come  from  individuals  and 
organizations  already  close  to  the  Institution,  including 
trustees,  current  and  former  employees,  friends,  and 
corporations  and  foundations  with  a  clear  interest  in  basic 
scientific  research. 

As  the  Carnegie  Institution  enters  the  second  phase  of  the 
Capital  Campaign,  it  is  beginning  to  look  to  individuals  who 
are  philanthropically  motivated  but  who,  like  Andrew 
Carnegie,  have  had  little  or  no  scientific  training.  However, 
like  Andrew  Carnegie,  many  of  these  individuals  are  alive  to 
the  wonders  and  accomplishments  of  science,  and  may 
someday  play  a  very  important  role  in  the  advancement  of 
science  in  general,  and  of  the  Carnegie  Institution  in  particular. 

Over  the  last  nine  decades,  the  Carnegie  Institution  has 
been  the  beneficiary  not  only  of  Andrew  Carnegie's  vision  and 
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wealth,  but  also  of  the  vision  and  resources  of  hundreds  of 
other  philanthropically  minded  individuals  and  organizations. 
Without  this  beneficence,  the  Carnegie  Institution  would  not 
be  the  extraordinary  scientific  research  organization  that  it  is 
today.  The  Carnegie  Institution  of  Washington  is  confident  that 
this  philanthropic  legacy  will  continue,  and  that  the  Institution 
and  the  work  of  its  scientists  will  shine  for  centuries  to  come. 


Losses,  Gains,  Honors... 

Department  of  Embryology  research  associate  and  former 
staff  member  Elizabeth  M.  Ramsey,  one  of  the  world's 
leading  authorities  on  the  structure  and  function  of  the  human 
placenta  and  a  member  of  the  Carnegie  family  for  nearly  60 
years,  died  in  July  1993  at  the  age  of  87. 

Ramsey  earned  her  M.D.  at  Yale  Medical  School,  one  of  two 
women  in  the  class  of  1932.  Before  joining  Carnegie's 
Department  of  Embryology  in  1934,  she  interned  at  New 
Haven  Hospital  and  then  served  as  an  associate  in  pathology 
at  Yale.  During  her  long  career  at  Carnegie  (she  retired  in 
1971),  Ramsey  was  a  principal  collector  of  the  Carnegie 
Collection  of  Human  Embryos,  which  now  resides  at  the 
National  Museum  of  Health  and  Medicine,  Armed  Forces 
Institute  of  Pathology,  Washington,  D.C.  Six  months  before  her 
death,  a  dinner  was  held  at  the  Carnegie  Institution 
recognizing  her  leadership  in  research. 

Trustee  emeritus  Crawford  H.  Greenewalt,  another 
long-time  member  of  the  Carnegie  family,  died  on  September 
27, 1993,  at  the  age  of  93.  Greenewalt  was  elected  to  the 
Carnegie  board  in  1952.  When  he  became  trustee  emeritus  32 
years  later,  he  was  a  member  of  the  Executive  Committee 
(since  1963)  and  the  Finance  Committee  (since  1963),  and  he 
was  chairman  of  the  Visiting  Committee  to  the  Mount  Wilson 
and  Las  Campanas  Observatories.  Long  interested  in  the 
Institution's  program  in  astronomy,  Greenewalt  and  his  wife, 
Margaretta,  in  1970  provided  a  generous  grant  enabling 
construction  of  the  2.5-meter  Irenee  du  Pont  Telescope,  named 
after  Mrs.  Greenewalt' s  father. 

Greenewalt,  who  held  a  degree  in  chemical  engineering 
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from  the  Massachusetts  Institute  of  Technology, 
devoted  his  life's  career  to  du  Pont  de  Nemours 
&  Company,  where  he  served  as  president 
(1948-1962)  and  as  chairman  (1962-1967).  At 
Carnegie,  he  is  well-remembered  for  the  1965 
Carnegie  Evening  Lecture  he  presented  on 
hummingbirds,  one  of  his  enduring  passions. 

Felix  Chayes,  former  staff  member  of  the 
Geophysical  Laboratory  (1951-1986),  died  on 
February  28, 1993,  from  complications  resulting 
from  an  auto  accident.  He  was  77.  Chayes 
received  his  M.A.  and  Ph.D.  degrees  from 
Columbia  University.  He  served  as  chemist, 
mineral  economist,  and  petrographer  with 
various  companies  and  war-related  agencies 
before  joining  the  Laboratory.  An  expert  in 
statistics  and  modal  analysis,  Chayes  is  widely 
known  for  his  work  with  project  #163  under  the 
International  Geological  Correlation  Project. 

Lawrence  Hafstad,  a  DTM  staff  member 
(1928-1946),  died  October  12, 1993,  at  the  age  of 
89.  Hafstad  was  a  member  of  the  DTM  nuclear 
physics  team.  He  was  later  named  director  of 
reactor  development  for  the  Atomic  Energy 
Commission,  and  a  vice  president  of  General 
Motors  Corp. 

Everett  Ecklund,  a  former  DTM  design  engineer 
(1949-1980)  who  has  been  called  the  heart  of  Carnegie  radio 
astronomy,  died  on  July  5, 1993,  at  the  age  of  78. 

Chester  Reather,  photographer  at  the  Department  of 
Embryology  (1935-1949),  died  January  12, 1993.  He  was  86. 

The  Right  Honorable  Lord  Ashby  of  Brandon,  a  Carnegie 
trustee  from  1967  until  1974  and  an  eminent  statesman  for  the 
university  world,  died  October  22, 1992,  at  the  age  of  88. 

Physician,  scientist,  and  psychoanalyst  Winifred  G. 
Whitman,  a  DTM  research  fellow  during  the  1930's  and  the 
widow  of  former  DTM  director  Merle  Tuve,  died  July  8, 1993, 
at  the  age  of  92. 

Henry  Schaefer,  former  night  assistant  at  Mount  Wilson 
Observatory  (1963-1975),  died  October  12, 1992. 

Benjamin  Traxler,  former  superintendent  at  Mount  Wilson 


Crawford  Greenewalt 
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(1956-1970),  died  December  15, 1992. 

Former  DTM  visiting  investigator  Lasse  Schiotte 
(1989-1990)  died  on  July  10, 1993. 

After  serving  as  director  of  the  Department  of  Plant 
Biology  since  1973,  Winslow  Briggs  stepped  down  on 
June  30, 1993.  He  will  continue  his  research  at  the  Department 
as  a  staff  scientist.  Staff  member  Joseph  Berry  is  serving  as 
acting  director  until  Christopher  Somerville  assumes  the 
directorship  on  January  1, 1994. 

Richard  S.  Perkins  became  trustee  emeritus  in  May  1993, 
after  serving  on  the  Carnegie  Board  of  Trustees  since  1959. 

Two  trustees  stepping  down  from  the  Board  in  May  were 
James  Burke  and  Paul  Oreffice. 

Retiring  this  year  were  Eddie  Jordan,  a  technician  in  the 
Department  of  Embryology,  who  served  for  31  years;  Bennie 
Harris,  a  maintenance  technician  at  the  Department  of 
Terrestrial  Magnetism,  who  served  for  26  years;  and  Harvey 
Lutz,  technician  and  mail  supervisor  at  the  Geophysical 
Laboratory,  who  served  for  29  years. 

Gains 

Two  trustees — John  D.  Macomber  and  Bruce  Ferguson — 
were  elected  to  the  Carnegie  Board  in  May  1993.  Kenneth 
G.  Langone  was  elected  to  the  Board  in  November  1993. 

John  D.  Macomber  returns  to  the  Board,  having  served 
earlier  from  1981  until  1990.  Since  1992,  he  has  been  principal 
of  JDM  Investment  Group,  a  private  investment  and  advisory 
company.  From  1989  until  1992,  he  served  as  chairman  and 
president  of  the  Export-Import  Bank  of  the  United  States. 
Previously,  he  was  chairman  and  chief  executive  officer  of  the 
Celanese  Corporation.  He  holds  the  M.B.A.  from  the  Harvard 
Business  School. 

Bruce  Ferguson  is  executive  vice  president,  chief  operating 
officer,  and  a  director  of  Orbital  Science  Corporation,  based  in 
Dulles,  Virginia.  Ferguson  co-founded  the  company  in  1982  to 
develop,  manufacture,  and  market  space  transportation 
systems  and  to  pursue  commercial  satellite  applications  and 
other  space-related  businesses.  Previously,  Ferguson  was  an 
attorney  in  the  corporate  and  securities  department  of  the 
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Washington,  D.C.  law  firm  of  Kirkland  &  Ellis.  He  holds  a  J.D. 
and  an  M.B.A.,  both  from  Harvard  University. 

Kenneth  Langone  is  founder  and  managing  director  of  the 
investment  banking  firm  Invemed  Associates,  Inc.  He  is  also  a 
founder,  trustee,  and  executive  committee  member  of  The 
Home  Depot,  Inc.,  and  he  is  chairman  and  chief  executive 
officer  of  Salem  Nationalease  Corporation.  He  holds  the 
M.B.A.  from  New  York  University. 

Trustee  William  I.  M.  Turner,  Jr.  was  elected  vice-chairman 
of  the  Board  and  chairman  of  the  Executive  Committee  in  May, 
and  trustee  David  F.  Swensen  was  elected  chairman  of  the 
Finance  Committee. 

Christopher  R.  Somerville  has  been  appointed  director  of 
the  Department  of  Plant  Biology,  effective  January  1, 1994. 
Somerville  received  his  B.Sc,  M.Sc,  and  Ph.D.  degrees  from 
the  University  of  Alberta,  Canada.  In  1982,  after  briefly  serving 
as  a  faculty  member  at  University  of  Alberta,  he  moved  to 
Michigan  State  University,  where  he  is  now  professor  in  the 
Department  of  Botany  and  Plant  Pathology  and  the 
Department  of  Energy  Plant  Research  Laboratory.  His  research 
focuses  on  the  application  of  genetic  methods  to  problems  in 
plant  physiology  and  biochemistry.  He  was  one  of  the  first  to 
recognize  the  experimental  potential  of  the  plant  Arabidopsis 
thaliana,  and  he  has  used  the  plant  to  study  photosynthesis, 
photorespiration,  carbohydrate  metabolism,  and  several 
aspects  of  plant  growth  and  metabolism.  Somerville  is  a 
member  of  the  Royal  Society  of  Canada. 

Shauna  Somerville,  whose  research  focuses  on  the  genetics 
of  host-pathogen  interaction,  using  Arabidopsis  as  a  model 
system,  will  join  Plant  Biology  as  staff  member.  Somerville, 
now  an  associate  professor  at  Michigan  State  University, 
received  her  B.Sc.  and  M.Sc.  from  the  University  of  Alberta, 
and  her  Ph.D.  from  the  University  of  Illinois. 

Allan  C.  Spradling  has  been  selected  to  become  director  of 
the  Department  of  Embryology  in  July  1994,  when  Donald  D. 
Brown  steps  down.  Spradling  received  his  B.S.  in  physics  from 
the  University  of  Chicago  and  his  Ph.D.  in  cell  biology  from 
MIT.  A  staff  member  at  the  Department  since  1980  and  a 
Howard  Hughes  Medical  Investigator  since  1988,  Spradling 
conducts  research  on  developmental  mechanisms  and 
oogenesis  in  the  fruit  fly  Drosophila  melanogaster.  Spradling  is 
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well  known  for  the  development  of  several  molecular 
techniques,  including  the  first  successful  gene-transfer 
technique  in  Drosophila  (with  Gerald  Rubin)  and  the 
"single-P-element-mutagenesis"  technique,  which  provides  a 
fast  and  efficient  means  of  locating  and  cloning  new 
Drosophila  genes  of  interest.  He  is  a  member  of  the  National 
Academy  of  Sciences. 

Frank  Press,  who  stepped  down  as  president  of  the  National 
Academy  of  Sciences  in  June  1993,  joined  the  Geophysical 
Laboratory  and  Department  of  Terrestrial  Magnetism  in 
September  as  the  Cecil  and  Ida  Green  Senior  Fellow.  Before  his 
Academy  presidency,  Press  was  science  advisor  to  President 
Jimmy  Carter,  and  director,  Office  of  Science  and  Technology 
Policy.  He  holds  a  Ph.D.  in  geophysics  from  Columbia 
University.  In  April  1993,  he  received  the  prestigious  Japan 
Prize. 

Patrick  McCarthy,  a  Hubble  Fellow  at  the  Observatories 
since  1991,  became  a  staff  member  on  September  1, 1993. 
McCarthy  received  his  B.S.  from  the  University  of  Arizona  in 
1983  and  his  M.A.  (1986)  and  Ph.D.  (1988)  from  the  University 
of  California,  Berkeley.  He  joined  the  Observatories  as  a  fellow 
in  1988.  In  1991,  McCarthy  received  the  Chretien  Award  from 
the  American  Astronomical  Society.  His  research  focuses  on 
optical  and  radio  galaxies  at  high  redshift. 

Honors 

Vera  Rubin,  staff  member  at  the  Department  of  Terrestrial 
Magnetism,  received  a  National  Medal  of  Science  from 
President  Clinton  on  September  30, 1993.  She  was  a  Bernhard 
Fellow  at  Williams  College  in  April  1993,  and  she  presented  the 
1993  Grubb  Parsons  Lecture  at  the  University  of  Durham, 
England,  in  May.  In  March  1993  Rubin  and  Carnegie  president 
Maxine  Singer  were  honorees  at  the  Women's  History  Month 
celebration  co-sponsored  by  the  New  York  Academy  of 
Sciences  and  the  Association  of  Women  in  Science. 

Ho-kwang  Mao,  Geophysical  Laboratory  staff  member,  was 
elected  to  the  National  Academy  of  Sciences  in  April  1993. 

Hatten  Yoder,  Jr.,  staff  member  and  former  director  of  the 
Geophysical  Laboratory,  received  the  Roebling  Medal  from  the 
Mineralogical  Society  of  America  on  October  27, 1992. 
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Allan  Sandage,  staff  member  at  the  Observatories,  received 
the  Tomalla  Gravity  Prize  of  the  Swiss  Physical  Society  in  May 
1993.  He  was  awarded  the  Doctor  Honoris  Causa  from  the 
University  of  Chile  in  November  1992.  In  January  1993,  he  was 
the  Director's  Distinguished  Lecturer  at  the  Lawrence 
Livermore  Radiation  Laboratory. 

The  Observatories'  Alan  Dressier  was  elected  a  fellow  in  the 
American  Academy  of  Arts  and  Sciences  in  April  1993. 

Geophysical  Laboratory  staff  member  Ron  Cohen  and 
co-authors  of  "Fermi  surfaces,  Fermi  liquids,  and 
high-temperature  superconductors"  (Science  255,  pp.  46-54), 
won  the  Alan  Berman  Publication  Award  of  the  Naval 
Research  Laboratory  on  March  12, 1993. 

DTM  staff  member  Selwyn  Sacks  was  elected  a  fellow  of  the 
American  Geophysical  Union  in  December  1992. 

Plant  Biology's  Winslow  Briggs  was  the  Ray  Ethan  Torrey 
Lecturer  at  the  University  of  Massachusetts  in  November  1992. 

Plant  Biology  director-designate  Christopher  Somerville 
received  an  honorary  Doctor  of  Science  from  Queens 
University  in  Kingston,  Ontario,  in  October  1993.  He  was  also 
elected  a  fellow  of  the  Royal  Society  of  Canada,  and  he 
received  the  Gibbs  Medal  from  the  American  Society  of  Plant 
Physiologists. 

Embryology's  Allan  Spradling  was  selected  as  a  fellow  of 
the  American  Association  for  the  Advancement  of  Science. 

DTM's  John  Graham  was  elected  president  of  the  National 
Capital  Astronomers,  Inc.,  for  the  1992-1993  season. 

Yingwei  Fei,  staff  associate  at  the  Geophysical  Laboratory, 
received  the  Norton  Senior  Scientist  Fellowship,  funded  by 
The  Norton  Company  and  the  Saint-Gobain  Corporation,  on 
January  1, 1993. 

Embryology  staff  associate  Catherine  Thompson  received  an 
American  Cancer  Society  Junior  Faculty  Research  Award  in 
January  1993. 

Susan  Dymecki,  also  a  staff  associate  at  the  Department  of 
Embryology,  received  a  Shannon  Award  from  the  National 
Institutes  of  Health  in  October  1993. 

Andrew  McWilliam,  Observatories'  postdoctoral  fellow, 
was  appointed  the  Barbara  McClintock  90th  Birthday  Fellow  in 
July  1993. 

Observatories'  postdoctoral  fellow  Dennis  Zaritsky  received 
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the  Ernest  F.  Fullam  Award  of  the  Dudley  Observatory  in  July 
1993. 

DTM  predoctoral  fellow  Patrick  McGovern  received  the 
Stephen  E.  Dwornik  Award  from  NASA  for  the  best  student 
poster  presentation  at  the  24th  Lunar  and  Planetary  Science 
Conference  in  March  1993. 

DTM  predoctoral  fellow  Mark  Simons  received  an 
Outstanding  Student  Paper  Award  at  the  spring  meeting  of  the 
American  Geophysical  Union  in  May  1993. 

Former  DTM  staff  member  Stanley  R.  Hart  (1961-1975), 
now  at  the  Woods  Hole  Oceanographic  Institution,  received 
the  1992  V.  M.  Goldschmidt  Award  of  the  Geochemical  Society. 

Former  Geophysical  Laboratory  fellow  Donald  Dingwell 
(1984-1986),  now  at  the  Bayerisches  Geoinstitut,  Universitat 
Bayreuth,  Germany,  was  awarded  a  Gerhard-Hess  research 
prize  of  the  German  Science  Foundation  in  February  1993. 

John  Badding,  also  a  former  Geophysical  Laboratory 
postdoctoral  fellow,  received  a  Packard  Fellowship  from  the 
David  and  Lucile  Packard  Foundation  in  October  1993.  He  also 
received  a  National  Young  Investigator  Award  from  the 
National  Science  Foundation  in  September  1993. 

Terri  Lomax,  former  graduate  student  and  postdoctoral 
fellow  at  the  Department  of  Plant  Biology,  received  the  1992 
Oregon  State  University  College  of  Agricultural  Sciences 
Savery  Outstanding  Young  Faculty  Award. 

Carnegie  trustee  Edward  E.  David,  Jr.  was  inducted  into  the 
Hall  of  Fame  of  the  American  Society  for  Engineering 
Education  on  June  23, 1993. 

Trustee  William  R.  Hewlett  was  elected  a  trustee  of  the 
Woods  Hole  Oceanographic  Institution. 

Frank  Stanton,  trustee  emeritus,  received  the  1993  First 
Amendment  Leadership  Award  of  the  Radio  and  Television 
News  Directors  Foundation  in  March  1993. 

Charles  Townes  was  elected  to  the  Indian  National  Science 
Academy  in  October  1992.  He  received  the  1993  Common 
Wealth  Award  in  April  1993. 

Carnegie  president  Maxine  Singer  received  an  honorary 
doctorate  from  Dartmouth  College  in  June  1993.  In  February 
1993,  Singer  held  the  Charles  M.  and  Martha  Hitchcock 
Professorship  at  the  University  of  California,  Berkeley. 
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The  Director's  Introduction 

I  believe  that  an  essential  role  for  a  research  institution,  one  that 
practices  small  science  as  we  do,  is  to  provide  an  opportunity  for 
the  most  gifted  young  scientists  to  begin  independent  scientific 
careers  at  the  earliest  possible  time.  At  the  Department  of 
Embryology,  staff  associates  are  young  investigators  who  we 
recognize  are  ready  and  eager  to  carry  out  their  own  experiments 
on  ideas  that  they  themselves  have  conceived.  They  are  appointed 
immediately  after  receiving  their  M.D.  and/or  Ph.D.  degrees,  or 
after  completing  a  postdoctoral  period.  While  here,  they  carry  out 
bench  research  with  the  assistance  of  a  technician.  The  program 
dates  back  many  years  but  was  formalized  when  I  became  director 
in  1976. 

These  young,  enthusiastic,  energetic  scientists  enliven  and 
diversify  the  Department.  They  remain  long  enough  to  get  their 
research  projects  up  to  speed  and  then  they  move  to  a  tenure  track 
position,  usually  in  an  academic  institution.  Our  former  staff 
associates  have  done  remarkably  well,  further  evidence  that  a  small 
department  can  have  a  disproportionately  high  impact. 

Currently  there  are  four  staff  associates  at  the  Department.  In 
this  year's  report,  we  emphasize  the  research  of  two  of  them, 
Nipam  Patel  and  Catherine  Thompson.  Neither  is  trained  as  a 
neuroscientist,  but  both  now  explore  the  molecular  basis  of  nervous 
system  development,  albeit  in  very  different  ways.  Their  current 
projects  evolved  from  interests  begun  in  graduate  school. 

Patel  carried  out  his  thesis  research  on  genes  that  influence 
development  in  Drosophila.  The  surprising  finding  that  the  same 
gene  can  influence  two  quite  separate  developmental  events, 
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segmentation  of  the  early  embryo  and  patterning  of  the  fly's 
nervous  system  later  in  development,  led  him  to  wonder  whether 
the  same  strategy  determines  these  two  disparate  events  in  other 
organisms.  He  has  concluded  that  the  use  of  these  genes  in 
formation  of  the  nervous  system  is  an  ancient  decision  and  is  more 
highly  conserved  in  evolution  than  is  their  involvement  in 
segmentation.  The  value  for  evolutionary  studies  of  first 
deciphering  in  great  detail  such  events  in  Drosophila  (where 
genetics  provides  a  powerful,  perhaps  indispensable  tool)  and  then 
applying  this  knowledge  to  other  organisms  cannot  be 
overestimated.  This  study  is  a  model  of  how  the  evolution  of 
complex  systems  will  be  analyzed  in  the  coming  years. 

As  a  graduate  student,  Catherine  Thompson  was  a 
co-discoverer  of  the  thyroid  hormone  receptor,  a  landmark  in  the 
long  research  history  of  this  essential  hormone.  The  identification  of 
the  receptor  has  opened  the  way  to  understand  how  thyroid 
hormone  acts  on  the  maturing  brain  after  birth  in  mammals — a 
problem  of  great  medical  importance.  In  a  short  time  she  has 
developed  an  animal  model  which  exhibits  the  characteristic  effects 
of  thyroid  hormone  deprivation.  She  is  well  on  her  way  to  isolating 
the  genes  that  require  thyroid  hormone  for  their  role  in  maturation 
of  the  mammalian  brain. 

These  two  studies  are  excellent  examples  of  how  important 
problems  are  studied  in  new  and  exciting  ways  using  the  power  of 
modern  biological  methods. 

News  of  the  Department 

Our  seminar  program  was  highlighted  by  the  Sixteenth  Annual 
Carnegie  Minisymposium,  entitled  "Signal  Transduction  in 
Development  and  Disease. "  Tony  Hunter,  Judith  Kimble,  Peter 
Devreotes,  Richard  Kolesnick,  Jim  Posakony,  and  Tom  Curran 
presented  one-hour  talks. 

Andy  Fire  and  Nipam  Patel  are  participating  actively  in  a  close 
relationship  with  a  Baltimore  City  public  high  school  called 
Polytechnic  Institute.  They  have  presented  lab  demonstrations, 
advised  the  biology  faculty,  and  helped  place  Poly  students  in 
summer  jobs. 

We  were  deeply  saddened  by  the  death  of  Elizabeth  Ramsey 
July  2,  1993.  She  died  just  nine  days  after  her  husband  of  59  years, 
Hans  Klagsbrunn.  Dr.  Ramsey  retired  from  our  Department  twenty 
years  ago.  Even  though  the  subject  matter  of  our  research  and  the 
faculty  itself  evolved  completely  after  her  departure,  she 
maintained  an  active  interest  in  our  Department  and  visited  us 
periodically,  always  enthusiastic  about  the  newest  discoveries.  She 
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continued  meeting  with  medical  students  at  Johns  Hopkins  Medical 
School  long  after  her  retirement.  Recognition  of  her  brilliant 
research  on  placental  circulation  continued  even  after  she  had 
retired.  She  was  a  wonderful  friend  and  a  most  distinguished 
alumna  of  the  Department. 

After  31  years  of  service,  Eddie  Jordan  retired  June  30.  She  first 
served  in  a  menial  capacity,  having  no  scientific  education.  She 
remedied  this  by  taking  night  courses  in  biology  and  chemistry 
while  working  full  time  and  raising  a  family.  She  became  a 
technician  in  1967,  and  she  and  I  collaborated  until  her  retirement. 
Her  special  qualities  were  honesty,  intelligence,  common  sense,  and 
a  strong  work  ethic.  She  will  be  sorely  missed. 

Support  of  research  in  the  Department  comes  from  a  variety  of 
sources.  Allan  Spradling  and  various  members  of  his  lab  are 
employees  of  the  Howard  Hughes  Medical  Institute.  We  are 
grateful  recipients  of  individual  grants  from  the  National  Institutes 
of  Health,  the  John  Merck  Fund,  the  Arnold  and  Mabel  Beckman 
Foundation,  the  McKnight  Endowment  Fund  for  Neuroscience,  the 
American  Cancer  Society,  the  Jane  Coffin  Childs  Memorial  Fund, 
the  Helen  Hay  Whitney  Foundation,  the  Damon  Runyon-Walter 
Winchell  Cancer  Fund,  the  Rita  Allen  Foundation,  and  the  Human 
Frontier  Science  Program.  A  grant  to  purchase  small  instruments 
and  a  Biomedical  Research  Support  Grant,  both  from  the  National 
Institutes  of  Health,  are  gratefully  acknowledged.  We  remain 
indebted  to  the  Lucille  P.  Markey  Charitable  Trust  for  its  support. 

— Donald  D.  Brown 


The  Evolution  of  Developmental  Strategies 

by  Nipam  H.  Pat  el 

The  field  of  developmental  biology  has  been  devoted 
to  asking  how  a  seemingly  simple  egg  cell  can 
generate  the  enormously  complex  structures  associated 
with  an  adult  organism.  Over  the  last  several  decades, 
developmental  biologists  have  made  remarkable  advances 
in  our  understanding  of  this  process.  Much  of  the 
progress  has  come  from  the  detailed  genetic  dissection  of 
embryonic  development  in  model  organisms  such  as  the 
fruit  fly  Drosophila  melanogaster. 

Drosophila  has  long  been  a  favorite  model  system  for 
geneticists  because  of  its  rapid  generation  time  and  the 
ease  with  which  it  can  be  reared.  After  mating,  female  flies 
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lay  individual  eggs  which  are  only  about  one-half  millimeter  in 
length,  and  embryonic  development  is  completed  in  a  single  day. 
The  fly  larva  that  hatches  from  the  egg  may  seem  rather  simple 
compared  to  a  vertebrate  embryo,  but  it  contains  essentially  the 
same  complexity  of  cell  types  as  any  other  animal.  For  example,  the 
larva  has  muscles  that  allow  it  to  crawl,  a  central  nervous  system 
that  allows  it  to  sense  and  respond  to  environmental  stimuli,  a 
tubular  gut  structure  for  adsorbing  nutrients  from  food,  and 
specialized  cells  for  gas  exchange  and  excretion  of  waste  products. 

Drosophila  Segmentation 

By  isolating  and  characterizing  mutations  that  affect  the 
development  of  the  fly  embryo,  researchers  have  been  able  to  gain 
significant  insights  into  the  mechanistic  details  of  embryonic 
development.  One  aspect  of  Drosophila  development  that  has 
received  particular  attention  is  the  process  by  which  the  embryo 
establishes  its  body  axes  and  then  generates  the  proper  pattern  of 
segments.  The  segmental  nature  of  the  organism  is  clearly  visible  if 
one  examines  the  surface  of  a  newly  hatched  Drosophila  larva. 
Rows  of  rigid  bristles,  called  denticles,  are  located  on  the  belly  of 
the  larva  and  help  the  embryo  crawl  through  its  food.  The  denticles 
are  organized  in  a  characteristic  segmentally  repeated  manner,  and 
by  isolating  mutants  that  affect  this  pattern  of  denticles,  researchers 
were  able  to  identify  genes  required  to  generate  the  proper  pattern 
of  segments  in  the  embryo.  Over  the  last  decade,  the  extensive 
analysis  of  these  mutations  at  the  genetic  and  molecular  level  has 
led  to  detailed  knowledge  of  the  mechanisms  responsible  for 
controlling  early  pattern  formation  in  Drosophila. 

For  the  anterior-posterior  axis,  the  initial  patterning  cues  come 
from  gradients  of  products  placed  inside  the  egg  by  the  mother.  The 
first  zygotically  active  genes,  called  gap  genes,  respond  to  these 
gradients  and  become  activated  in  large  domains  of  the  embryo. 
The  overlap  of  these  gap  genes  then  turns  on  the  first  periodically 
expressed  genes,  called  pair-rule  genes.  Each  of  the  various 
pair-rule  genes  are  expressed  in  seven  stripes,  the  stripes  of  each 
gene  expressed  in  a  slightly  different  phase  relative  to  the  others. 
The  interaction  of  the  various  pair-rule  genes  then  activates  the 
final  set  of  segmentation  genes,  the  segment  polarity  genes.  These 
genes  are  expressed  in  fourteen  stripe  patterns,  with  the  stripe  of 
each  gene  occurring  in  a  particular  part  of  each  of  the  fourteen 
embryo  body  segments.  The  gap,  pair-rule,  and  segment  polarity 
genes  are  known  as  the  segmentation  genes  because  they  control 
the  generation  of  the  proper  number  of  segments  and  ensure  that 
the  segments  are  positioned  and  oriented  properly.  An  additional 
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Fig.  1.  Schematic  diagram  of  the  phylogenetic  relationship  of  several  phyla  in  the 
animal  kingdom  (A)  and  several  insects  within  the  Class  Insecta  (B). 

(A)  Cnidarians  include  hydra  and  coral.  Planaria  and  tapeworms  are  examples  of 
platyhelminthes.  Echinoderms  include  sea  urchins  and  starfish.  Insects,  crayfish,  and 
spiders  belong  to  the  arthropods,  and  leeches  and  earthworms  are  members  of  the 
annelids.  Humans,  mice,  and  fish  are  examples  of  vertebrates  (a  subphyla  of  the 
chordates).  Homologs  of  Drosophila  segmentation  genes  have  been  found  in  all 
these  various  animals. 

(B)  Our  analysis  of  segmentation  genes  within  the  Class  Insecta  takes  advantage  of 
the  various  insects  indicated  in  this  diagram.  By  combining  our  analysis  of 
even-skipped  and  engrailed  expression  patterns  in  these  various  insects  with  the  data 
on  insect  phylogeny,  we  are  hoping  to  understand  the  evolution  of  insect  pattern 
formation.  The  phylogenetic  tree  shown  here  is  derived  from  King  and  Biining  (in 
Comparative  Insect  Physiology,  Biochemistry  and  Pharmacology,  G.  A.  Kerkut  and  L.  I. 
Gilbert,  eds.,  Pergamon  Press,  pp.  37-82, 1985). 


set  of  genes,  termed  the  homeotic  genes,  are  expressed  within 
blocks  of  these  segments  and  give  unique  identities  to  each  of  the 
segments. 

Thus,  the  gap,  pair-rule,  and  segment  polarity  genes 
sequentially  subdivide  the  embryo  into  smaller  and  smaller  units, 
and  the  homeotic  genes  determine  the  specific  characteristics  for 
different  regions  of  the  body.  Amazingly  enough,  the  basic  outline 
of  the  Drosophila  embryo  body  plan  is  already  established  by  the 
action  of  these  genes  only  three  or  four  hours  after  the  egg  is  laid. 
Many  of  the  segmentation  and  homeotic  genes  have  been  isolated 
and  sequenced,  and  we  now  have  some  information  about  the 
biochemical  function  of  several  of  these  genes.  For  example,  quite  a 
number  of  the  segmentation  and  homeotic  genes  contain  a  motif 
known  as  a  homeobox.  This  motif  encodes  a  stretch  of  sixty  amino 
acids  that  mediates  sequence-specific  binding  of  protein  to  DNA, 
and  thus  these  genes  are  able  to  control  the  transcription  of  many 
downstream  target  genes. 

A  great  deal  of  excitement  was  generated  by  the  discovery  that 
virtually  all  animals  contain  genes  that  have  significant  stretches  of 
sequence  similarity  to  many  of  the  Drosophila  segmentation  and 
homeotic  genes  (see  Fig.  1  A).  These  related  genes  are  often  referred 
to  as  homologs  of  the  respective  Drosophila  gene.  Homologs  of  the 
Drosophila  pair-rule  gene  even-skipped,  for  example,  have  been 
identified  in  organisms  as  diverse  as  grasshoppers,  humans, 
nematodes,  and  coral.  While  the  conservation  of  the  sequences  of 
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these  genes  indicates  a  conserved  biochemical  function  for  the 
encoded  proteins,  does  it  necessarily  mean  that  the  gene  homologs 
serve  the  same  developmental  functions  in  all  organisms? 

Evolution  of  Patterning  Mechanisms 

Both  embryologists  and  evolutionary  biologists  have  made 
attempts  to  analyze  the  evolution  of  developmental  systems. 
Among  closely  related  organisms  (insects,  for  example),  a  wide 
assortment  of  body  forms  is  found,  but  certain  ground-plan 
characteristics  are  easily  identified.  Between  two  distant  phyla, 
however,  for  example  chordates  and  arthropods,  it  is  much  more 
difficult  to  find  common  characteristics  during  embryonic 
development.  How  did  the  major  body  forms  of  different  phyla 
arise  and  how  did  the  body  forms  diversify  within  a  phylum?  The 
detailed  knowledge  of  embryonic  pattern  formation  in  Drosophila, 
and  the  discovery  that  the  genes  involved  are  present  in  all  animals, 
raised  the  hope  that  these  evolutionary  questions  could  now  be 
addressed  at  a  molecular  and  mechanistic  level. 

For  the  homeotic  class  of  genes,  the  homologs  do  appear  to 
serve  similar  developmental  functions  in  all  organisms.  For 
example,  initial  analysis  in  mice  suggests  that  the  mouse  homeotic 
genes  show  the  same  sorts  of  regional  expression  patterns  seen  in 
Drosophila,  and  elimination  of  a  homeotic  gene  causes  one  portion 
of  the  body  to  adopt  the  properties  of  an  adjacent  region  of  the 
body.  This  remarkable  discovery  links  together  at  least  one  aspect 
of  pattern  formation  in  all  animals,  and  has  led  to  the  suggestion  of 
a  ground-plan  system  used  in  axial  patterning  by  all  animals,  from 
hydra  to  worms  to  flies  to  humans.  But  what  about  the 
segmentation  class  of  genes?  It  is  this  class  of  genes  that  I  have  been 
studying,  paying  particular  attention  to  the  evolution  of  their 
functions  during  embryonic  development. 

We  began  this  investigation  by  examining  the  expression 
pattern  of  homologs  of  Drosophila  engrailed,  a  segment  polarity 
gene,  in  a  wide  number  of  organisms.  In  Drosophila,  engrailed  is 
expressed  in  the  posterior  part  of  each  segment,  and  later  in 
development,  it  is  also  expressed  by  a  subset  of  neurons  in  the 
developing  central  nervous  system.  Similar  patterns  are  seen  for 
engrailed  in  other  arthropods,  such  as  grasshoppers  and  crayfish, 
suggesting  that  it  serves  similar  functions  within  the  entire 
arthropod  phylum.  People  usually  do  not  think  of  vertebrates 
having  segments  like  those  of  insects,  but  metameric  repeating 
patterns  are  obvious  in  the  pattern  of  embryonic  somites  and  in  the 
repeating  pattern  of  vertebrae  in  an  adult.  In  vertebrates,  engrailed 
is  not  expressed  in  any  fashion  that  suggests  that  it  sets  up  these 
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metameric  patterns,  but  it  is  expressed  in  a  region  of  the  brain 
during  the  development  of  the  vertebrate  nervous  system.  Thus, 
engrailed  may  have  had  a  function  in  nervous  system  patterning  in 
the  common  ancestor  to  chordates  and  arthropods,  and  was 
co-opted  for  a  role  in  segmentation  after  the  split  of  these  two 
evolutionary  lines.  Results  from  Wedeen  and  Weisblat  (Development 
113,  805-814, 1991)  have  further  refined  this  analysis  by  showing 
that  engrailed  was  probably  involved  in  segmentation  prior  to  the 
subsequent  split  of  arthropods  and  annelids. 

Some  of  my  more  recent  analysis  has  concentrated  on 
examining  the  evolution  of  the  segmentation  genes  within  the 
insects  themselves.  The  class  Insecta  represents  the  largest  class 
within  the  animal  kingdom,  having  over  one  million  described 
species.  From  an  evolutionary  point  of  view,  the  insects  provide  an 
excellent  group  for  study  because  although  the  numerous  insect 
orders  diverged  millions  of  years  ago,  the  fossil  record  suggests 
that  many  survive  to  this  day  in  forms  that  appear  almost  identical 
to  their  ancestors  (see  Fig.  IB).  Thus,  the  study  of  the  relationships 
of  extant  insects  can  help  piece  together  the  evolutionary  process. 

Insects  display  a  stunning  diversity  of  body  forms,  but 
embryologists  have  long  recognized  that  a  basic  body  plan,  called 
the  germband,  is  easily  recognized  in  all  insect  embryos.  At  the 
germband  stage  of  Drosophila,  which  is  reached  about  five  to  six 
hours  into  embryonic  development,  the  gap  and  pair-rule  gene 
patterns  have  disappeared,  but  the  segment  polarity  and  homeotic 
gene  patterns  that  they  initiated  remain  and  continue  to  pattern  the 
growing  embryo.  Given  that  this  germband  stage  is  so  well 
conserved,  it  is  not  surprising  to  find  that  the  expression  patterns  of 
Drosophila  segment  polarity  and  homeotic  genes  are  well 
conserved  in  all  insects.  While  this  germband  pattern  may  be  well 
conserved,  however,  classical  insect  embryologists  realized  that  the 
stages  leading  up  to  it  are  not  well  conserved  among  all  insects. 

Experimental  manipulations  such  as  ligations  and  localized  cell 
ablation  suggested  that  Drosophila  embryos  contain  a  complete 
representation  of  their  body  plans  very  early  in  development,  well 
before  the  germband  stage.  These  observations  are  in  complete 
agreement  with  the  more  recent  molecular  data,  which  show  that 
segmentation  and  homeotic  genes  are  already  expressed  in  their 
characteristic  patterns  very  early  in  development.  Many  insects, 
however,  particularly  those  thought  to  retain  ancestral  traits  of 
insect  embryonic  development  to  a  high  degree,  generate  their 
body  segments  sequentially  as  they  grow.  It  was  suggested  that 
these  insects  might  use  a  different  system  to  generate  the  pattern  of 
segment  polarity  and  homeotic  gene  expression  at  the  germband 
stage. 
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To  examine  this  question,  we  focused  on  analyzing  the 
expression  of  homologs  of  the  Drosophila  pair-rule  gene 
even-skipped  in  several  different  insects.  We  found  that  in  the 
grasshopper  embryo,  an  insect  that  generates  segments 
sequentially  during  development,  even-skipped  is  not  expressed  in  a 
pair-rule  stripe  pattern.  In  Drosophila,  even-skipped  is  also  utilized 
for  neural  fate  determination,  and  expression  in  the  nervous  system 
is  conserved  in  the  grasshopper.  Somewhat  surprisingly, 
grasshopper  even-skipped  is  expressed  in  a  posterior  domain  during 
development,  an  expression  pattern  that  has  been  reported  for 
vertebrate  even-skipped  homologs  during  the  early  development  of 
frog  and  mouse  embryos.  In  addition,  the  vertebrate  even-skipped 
homologs  are  also  expressed  during  the  development  of  the  spinal 
cord.  Thus,  it  appears  that  even-skipped,  just  like  engrailed,  was 
co-opted  for  a  role  in  segmentation  after  the  split  of  the 
evolutionary  lines  leading  to  chordates  and  arthropods.  In  the  case 
of  even-skipped,  however,  a  role  in  segmentation  did  not  appear 
until  the  evolution  of  more  phylogenetically  advanced  insects. 

In  some  ways  our  results  might  appear  quite  counterintuitive. 
The  segment  polarity  and  homeotic  genes,  which  act  toward  the 
end  of  the  cascade  of  events  that  generate  the  pattern  of  the 
embryo,  are  evolutionarily  well  conserved  in  all  insects,  but  genes 
acting  earlier  in  the  cascade  are  not  as  well  conserved.  It  is  often 
easier  for  us  to  think  that  the  initial  events  remain  constant  and  that 
evolution  changes  only  later  events  in  development.  Classical 
embryologists,  however,  have  long  argued  that  the  early  events 
were  also  subject  to  evolutionary  change.  For  insects,  it  is  the 
germband  stage  that  is  well  conserved  and  somehow  evolutionarily 
constrained,  but  steps  leading  up  to  this  stage  are  variable.  A 
similar  situation  is  also  present  in  vertebrate  development.  All 
vertebrate  embryos  look  similar  at  the  stage  when  the  somites  and 
neural  tube  have  formed,  but  earlier  in  development,  different 
vertebrate  embryos  can  look  quite  dissimilar. 

To  better  understand  when  insects  might  have  evolved 
even-skipped  pair-rule  patterning,  we  have  turned  our  attention  to 
insects  phylogenetically  intermediate  between  grasshoppers  and 
Drosophila.  These  studies  are  still  ongoing,  but  we  believe  that  we 
will  be  able  to  piece  together  some  of  the  evolutionary  events  that 
led  to  the  Drosophila  system  of  pattern  formation. 

Neural  Functions  of  Segmentation  Genes 

Many  of  the  Drosophila  segmentation  genes  also  serve  roles  in 
patterning  the  developing  fly  central  nervous  system.  One  of  the 
clear  implications  of  our  work  is  that  this  neural  function  may  be 
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Fig.  2.  The  pattern  of  axon  tracts  in  wildtype 
(A)  and  gooseberry  mutant  (B)  Drosophila 
embryos.  (A)  In  a  normal  Drosophila  central 
nervous  system,  the  axons  are  arranged  into  a 
regular  ladder  pattern  along  the  length  of  the 
embryo.  (B)  In  gooseberry  mutants  which  have 
defects  in  neural  determination,  the  pattern  of 
axon  tracts  is  disrupted  so  that  every  other 
"rung"  of  the  ladder  pattern  is  missing. 


ancestral,  and  that  it  is  this  neural  patterning  role  that  is  conserved 
in  the  vertebrates.  Thus,  we  have  also  focused  on  understanding 
more  about  the  developmental  roles  of  these  genes  during  the 
formation  of  the  Drosophila  central  nervous  system  because  this 
information  may  help  us  more  accurately  predict  the  role  of  these 
genes  in  vertebrate  development.  Our  efforts  have  mainly 
concentrated  on  the  gooseberry  locus  of  Drosophila.  The  gooseberry 
gene  belongs  to  the  segment  polarity  class  of  segmentation  genes, 
but  we  have  been  able  to  show  that  it  also  serves  a  specific  role  in 
patterning  the  developing  nervous  system.  In  fact,  we  have  now 
been  able  to  generate  specific  alleles  of  the  gooseberry  gene  that 
affect  neural  development  but  do  not  disturb  body  segmentation. 
These  mutants  display  several  defects  in  the  generation  of  specific 
neurons,  and  as  a  result,  they  also  display  an  aberrant  pattern  of 
axons  within  the  central  nervous  system  (see  Fig.  2).  We  think  that 
our  study  of  the  Drosophila  gooseberry  locus  will  be  particularly 
relevant  to  understanding  neural  development  in  other  organisms, 
such  as  humans,  because  the  vertebrates  contain  a  family  of 
gooseberry  homologs,  referred  to  as  the  Pax  genes,  which  are 
expressed  in  various  locations  in  the  developing  spinal  cord. 

Conclusions 

All  animals,  regardless  of  their  final  size  or  complexity,  must  be 
able  to  develop  into  the  adult  form  starting  from  a  single, 
undifferentiated  cell.  The  evolution  of  this  remarkable  process  has 
played  a  major  role  in  generating  the  diversity  of  animal  forms  that 
now  exist.  The  detailed  work  on  Drosophila  development  has  given 
us  a  starting  point  from  which  to  explore  the  evolution  of 
embryogenesis  at  a  molecular  and  mechanistic  level.  I  think  that  we 
will  find  both  unexpected  levels  of  conservation  in  certain  steps 
and  diversity  in  others.* 


^Portions  of  the  studies  described  here  have  been  part  of  a  collaborative  effort 
with  the  labs  of  Eldon  Ball,  Kai  Zinn,  Corey  Goodman,  and  Markus  Noll,  and 
have  been  made  possible  by  grants  from  the  National  Institutes  of  Health  and  the 
McKnight  Endowment  Fund  for  Neuroscience. 
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Thyroid  Hormone  Action  in  the  Mammalian 
Central  Nervous  System 

by  Catherine  C.  Thompson 

How  a  single  cell,  the  fertilized  egg,  gives  rise  to  a  complex, 
multicellular  organism  has  intrigued  developmental 
biologists  for  centuries.  During  embryonic  development, 
cells  become  different  from  each  other  and  migrate  to 
specific  areas  to  form  organs  and  tissues  with  widely 
divergent  structures  and  functions.  Many 
developmental  changes  appear  to  be  linked  to  the 
activity  of  certain  genes.  Since  virtually  all  cells  have 
the  same  genes,  a  fundamental  question  for  the 
molecular  biologist  is,  what  makes  cells  different 
from  each  other?  The  answer,  in  part,  lies  in  the 
observation  that  not  all  genes  in  a  cell  are  active,  or 
expressed.  Differences  in  the  timing  and  location  of 
the  expression  of  specific  genes  are  often  responsible 
for  developmental  changes.  My  research  focuses  on 

the  changes  in  gene  expression  critical  for  proper  Catherine  Thompsc 

development  of  the  mammalian  central  nervous  system 
(CNS). 

My  long-term  goal  is  to  gain  an  understanding  of  the  molecular 
mechanisms  underlying  the  development  of  the  mammalian  CNS. 
Simply  put,  this  means  finding  out  which  of  the  many  thousands  of 
genes  within  cells  are  important  or  essential  for  proper  nervous 
system  development.  In  lower  organisms  such  as  nematode  worms 
or  fruit  flies,  one  can  examine  individuals  or  populations  with 
naturally  occurring  or  experimentally  induced  mutations  that  result 
in  a  defective  CNS.  If  the  origin  of  the  defect  is  genetic,  the 
mutation  that  causes  this  defect  can  then  be  traced  to  a  particular 
gene. 

Although  one  cannot  easily  use  this  type  of  approach  in 
studying  mammalian  development,  one  can  take  advantage  of 
physiological  studies  identifying  factors  that  influence  proper 
development.  Hormones,  nutritional  status,  and  environment  affect 
the  development  of  all  parts  of  an  organism,  especially  the  CNS.  It 
has  been  known  for  over  a  century  that  thyroid  hormone  is 
absolutely  required  for  proper  development  of  the  CNS.  Humans 
that  congenitally  lack  sufficient  thyroid  hormone  exhibit  a 
condition  termed  cretinism,  which  is  characterized  by  a  number  of 
developmental  defects,  including  mental  retardation.  If  thyroid 
hormone  is  administered  to  restore  normal  physiological  levels 
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within  three  months  after  birth,  development  proceeds  normally.  If 
treatment  is  delayed,  the  damage  caused  by  thyroid  hormone 
deficiency  is  irreversible.  Before  routine  neonatal  testing  of  thyroid 
hormone  levels,  thyroid  hormone  deficiency  was  a  major  cause  of 
mental  retardation  in  humans. 

Upon  casual  inspection,  the  brains  of  thyroid  hormone  deficient 
individuals  are  not  detectably  different  from  normal,  euthyroid 
individuals.  However,  a  closer  look  reveals  subtle  changes.  One  is  a 
decrease  in  myelin,  the  sheath  that  covers  the  parts  of  neuronal  cells 
that  are  involved  in  signal  transmission.  Another  is  that  the  number 
of  contacts  formed  between  neurons  is  about  half  that  observed  in 
normal  individuals.  The  morphological  abnormalities  observed  in 
the  brains  of  congenitally  thyroid  hormone  deficient  humans  are 
also  observed  in  thyroid  hormone  deficient  experimental  animals 
such  as  the  rat. 

Together  these  observations  show  that  thyroid  hormone  is 
essential  for  proper  development,  critically  acting  within  a  specific 
period.  Because  the  CNS  of  thyroid  hormone  deficient  animals 
exhibits  defects  similar  to  thyroid  hormone  deficient  humans, 
experimentally  manipulating  the  level  of  throid  hormone  in 
animals  can  be  a  powerful  tool  for  studying  CNS  development. 

How  does  thyroid  hormone  exert  its  effects?  Thyroid  hormone 
had  been  known  to  be  responsible  for  the  induction  of  profound 
physiological  changes  in  many  tissues,  yet  its  mechanism  of  action 
had  remained  obscure  for  many  years.  In  the  1970's,  biochemical 
studies  indicated  the  presence  of  proteins  to  which  thyroid 
hormone  bound  with  high  affinity,  suggesting  that  these  proteins 
acted  as  receptors  for  thyroid  hormone.  These  proteins  were  found 
associated  with  the  DNA  in  the  nucleus.  In  1986,  the  laboratories  of 
Ron  Evans  and  Bjorn  Vennstrom  independently  discovered  that 
thyroid  hormone  receptors  were  structurally  related  to  steroid 
hormone  receptors.  Subsequent  work  showed  that  thyroid  hormone 
receptors,  like  steroid  hormone  receptors,  are  proteins  that  when 
bound  by  their  cognate  hormone  regulate  the  activity  of  specific 
genes.  Genes  whose  activity  is  influenced  by  thyroid  hormone  are 
called  thyroid  hormone  responsive  genes. 

Thyroid  hormone  receptors  are  present  in  the  developing  brain, 
suggesting  that,  as  in  other  tissues,  these  receptors  regulate  the 
expression  of  specific  genes.  The  specific  genes  regulated  by 
thyroid  hormone  receptors  in  the  developing  brain  remain  largely 
unknown.  My  goal  is  to  identify  and  characterize  genes  whose 
expression  in  the  brain  is  regulated  by  thyroid  hormone,  focusing 
on  the  period  in  which  thyroid  hormone  is  critical  for  proper 
development.  These  genes  are  likely  to  play  an  important  role  in 
CNS  development. 


Fig.  1.  Rats  used  to  study  effect  of  thyroid  hormone  on  development.  The 
animal  on  the  left  has  been  treated  with  an  anti-thyroid  drug  (methimazole); 
the  animal  on  the  right  is  untreated.  The  treated  animal  is  smaller  because 
lack  of  sufficient  thyroid  hormone  causes  deficiency  of  growth  hormone. 
Animals  shown  are  two  weeks  old. 


The  effect  of  thyroid  hormone  on  the  developing  rat  CNS  has 
been  documented  in  great  detail.  The  critical  period  of  thyroid 
hormone  responsiveness  for  rats  is  between  10-15  days  after  birth. 
Based  on  these  studies  I  am  using  the  rat  as  a  model  system.  To 
experimentally  induce  thyroid  hormone  deficiency,  I  treat  rats  with 
methimazole,  a  compound  that  inhibits  the  release  of  thyroid 
hormone.  Administration  of  thyroid  hormone  to  methimazole- 
treated  animals  restores  normal  development. 

Does  this  treatment  mimic  what  happens  in  naturally  occurring 
thyroid  hormone  deficient  animals?  The  gene  that  encodes  growth 
hormone,  which  is  expressed  in  the  anterior  pituitary  gland,  is  an 
example  of  a  gene  regulated  by  thyroid  hormone.  As  a 
consequence,  an  observable  morphological  change  in  thyroid 
hormone  deficient  animals  is  that  they  are  much  smaller  than 
normal  animals  of  the  same  age  (Fig.  1).  One  can  measure  the  level 
of  expression  of  the  growth  hormone  gene  molecularly  by 
measuring  the  amount  of  growth  hormone  mRNA.  Detection  of  the 
amount  of  growth  hormone  mRNA  in  thyroid  hormone  deficient 
and  normal  animals  is  shown  in  Figure  2.  The  amount  of  growth 
hormone  mRNA  is  decreased  by  approximately  50-fold  in  thyroid 
hormone  deficient  animals.  Injection  of  thyroid  hormone  into  these 
animals  restores  the  level  of  growth  hormone  RNA  to  normal 
within  24  hours.  Therefore,  the  experimental  system, 
morphologically  and  molecularly,  recapitulates  what  is  observed  in 
vivo. 

How  can  one  determine  which  genes  in  the  brain  respond  to 
thyroid  hormone?  The  approach  I  am  using  to  isolate  thyroid 
hormone  responsive  genes  is  based  on  a  technique  called 
subtractive  hybridization  (Fig.  3).  This  technique  relies  on  the  fact 
that  DNA  molecules  are  double-stranded  and  complementary. 
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DNA  copies  (cDNA)  of  RNAs  are  prepared  from  the  brains  of 
animals  deficient  in  thyroid  hormone  (-TH)  and  from  animals  that 
have  received  thyroid  hormone  treatment  (+TH).  cDNAs  whose 
abundance  is  not  influenced  by  thyroid  hormone  are  present  in 
both  -TH  and  +TH  samples,  while  genes  that  depend  on  thyroid 
hormone  for  their  expression  are  present  only  in  the  +TH  sample. 
The  -TH  cDNA  is  "tagged"  so  that  it  can  be  selectively  removed. 
After  denaturing  the  cDNA  to  make  it  single-stranded,  +TH  cDNA 
is  mixed  with  an  excess  of  -TH  cDNA.  Tagged  molecules  hybridize 
to  complementary  molecules  from  either  -TH  or  +TH  samples,  and 
since  tagged  molecules  are  present  in  excess,  they  hybridize  with  all 
complementary  +TH  molecules.  The  tagged  cDNAs  are  removed, 
leaving  those  unique  to  the  +TH  population,  which  can  then  be 
isolated  and  characterized. 

The  first  step  in  characterizing  genes  isolated  in  this  manner 
will  be  to  determine  where  and  when  these  genes  are  expressed  in 
the  brain.  In  situ  hybridization,  a  technique  pioneered  in  part  by 
Carnegie  staff  member  Joseph  Gall,  will  be  used  to  determine 
precisely  which  cells  express  the  mRNA  for  a  particular  gene.  Based 
on  the  temporal  and  spatial  pattern  of  expression  of  the  isolated 
genes,  a  subset  of  genes  will  be  chosen  for  further  study;  selection 
criteria  will  include  altered  expression  in  response  to  thyroid 
hormone,  expression  in  cells  that  also  express  thyroid  hormone 
receptors,  and  expression  when  thyroid  hormone  is  essential  for 
proper  development. 

To  understand  the  function  of  these  genes,  the  nucleotide 
sequence  of  the  cDNAs  will  be  determined  and  compared  to  the 
nucleotide  sequences  of  known  genes.  The  identification  of  specific 
structural  or  functional  motifs  will  provide  clues  to  the  function  of 
their  encoded  proteins.  For  example,  genes  of  interest  include  those 
that  encode  secreted  factors  that  mediate  cell-cell  interactions, 
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Fig.  3.  Subtractive  hybridization. 
Excess  cDNA  from  thyroid  hormone 

deficient  (-TH)  animals  (dashed  ~ 
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nuclear  factors  that  regulate  gene  expression,  or  cytoplasmic 
proteins  that  may  be  involved  in  signal-transduction  pathways. 
Based  on  sequence,  genes  that  are  likely  to  have  regulatory 
functions  will  be  selected  for  further  study. 

To  ultimately  prove  that  a  particular  gene  is  important  or 
essential  for  CNS  development,  one  must  show  that  an  animal 
lacking  a  functional  copy  of  that  gene  has  a  defective  CNS.  This  is 
best  studied  using  mice  because  extensive  genetic  mapping 
information  is  available  and  because  transgenic  animals  can  be 
created.  Since  rats  and  mice  are  very  closely  related,  their  genes  are 
also  very  similar.  This  similarity  can  be  used  to  isolate  the 
comparable  gene  in  the  mouse  and  determine  its  chromosomal 
location.  If  the  gene  is  located  near  a  known  mutation  associated 
with  abnormal  CNS  development,  the  gene  in  the  mutant  animal 
will  be  characterized  to  determine  if  it  is  defective.  Since 
homologous  regions  of  mouse  and  human  chromosomes  are 
known,  this  analysis  will  also  reveal  whether  such  a  gene  maps 
near  a  known  disease  locus  in  humans. 

If  a  previously  described  mutation  is  not  available,  genetic 
engineering  can  be  used  to  produce  mutations  in  specific  genes. 
Transgenic  mice  can  be  thereby  created  in  which  a  normal  gene  has 
been  replaced  with  a  defective  gene,  so  the  consequences  of  lacking 
a  functional  form  of  this  gene  can  be  evaluated.  If  a  particular 
thyroid  hormone  responsive  gene  is  involved  in  CNS  development, 
an  animal  in  which  this  gene  is  defective  should  have  some  or  all  of 
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the  CNS  defects  observed  in  a  thyroid  hormone  deficient  animal. 

Understanding  how  an  enormously  complex  organ  such  as  the 
brain  develops  is  a  daunting  task.  By  using  a  molecular  approach  to 
focus  on  a  class  of  genes  that  are  likely  to  be  important,  in  this  case 
thyroid  hormone  responsive  genes,  I  hope  to  begin  to  unravel  the 
mechanisms  underlying  this  process.  The  long-term  goal  of  this 
project  is  to  understand  how  thyroid  hormone  responsive  genes 
influence  CNS  development.  The  identification  and  isolation  of 
thyroid  hormone  responsive  genes,  coupled  with  characterization 
of  the  proteins  they  encode,  is  a  first  step  toward  realizing  this  goal. 

The  role  of  thyroid  hormone  in  the  developing  nervous  system 
has  been  well  established  both  in  animal  model  systems  and  in  the 
manifestation  of  human  diseases  such  as  congenital 
hypothyroidism  and  cretinism.  Understanding  the  mechanism  by 
which  thyroid  hormone  regulates  normal  development  may  lead  us 
towards  treatments  for  human  disorders  resulting  from  aberrant 
thyroid  hormone  action. 


Short  Reports 


Donald  Brown 

Our  studies  of  thyroid  hormone  induced 
metamorphosis  have  three  phases.  First,  we 
have  isolated  a  large  number  of  genes  that 
are  regulated  in  several  tadpole  tissues  fol- 
lowing the  administration  of  thyroid  hor- 
mone. This  phase  is  completed.  Second,  we 
are  sequencing  these  genes  to  identify  the 
proteins  that  they  encode.  This  phase  is 
about  half  finished.  Third,  we  must  estab- 
lish a  function  for  each  of  the  regulated 
genes  in  the  metamorphosis  program.  This 
phase  has  just  begun  and  will  require 
developing  new  methods  for  introducing 
genes  into  developing  amphibian  embryos. 
The  genes  must  find  their  way  to  the  nuclei 
and  be  able  to  function  identically  to  the 
embryo's  own  genes.  When  this  assay  sys- 
tem is  ready  for  use,  we  can  then  begin  the 
process  of  analyzing  the  metamorphosis 
program  in  great  detail. 

Susan  Dymecki 

During  embryonic  development  a  single 
fertilized  egg  gives  rise  to  an  enormous 


number  of  cell  types  that  ultimately  form  a 
functional  organism.  In  the  mouse,  a  fertil- 
ized egg  progresses  to  a  radially  symmetri- 
cal blastocyst  containing  just  two  types  of 
cells.  Uterine  implantation  occurs  and 
within  a  few  days  a  bilaterally  symmetrical 
animal  develops,  with  a  front  and  a  back,  a 
right  side  and  a  left  side,  three  germ  layers, 
segmentation  as  somites,  and  tissues  and  or- 
gans forming.  Central  to  this  process  is  the 
ability  of  single  cells  or  cell  groups  to 
respond  differently  according  to  their  posi- 
tion within  the  embyro.  To  date  we  know  lit- 
tle about  the  molecules  or  mechanisms  that 
generate  such  spatial  information. 

Toward  this  end  I  am  developing  a  "bi- 
nary" transgenic  mouse  system  for  studying 
how  gene  expression  and  cell  environment 
interact  in  the  developing  embryo  to  specify 
cell  fate.  This  experimental  approach  should 
allow  mapping  entire  cell  lineages  and  trac- 
ing movements  of  progeny  cells  throughout 
embryogenesis.  Studies  involving  mutant 
and  pharmacologically  treated  embryos 
should  identify  developmental  deter- 
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minants  of  cell  proliferation,  differentiation, 
and  migration.  In  turn,  knowledge  of  these 
mechanisms  is  fundamental  to  under- 
standing how  processes  go  awry  in  con- 
genital malformations  and  carcinogenesis. 
Murine  models  of  cancer  and  clinical 
syndromes  are  expanding  owing  to 
homologous-cloning,  gene-disruption,  and 
transgene-expression  methods.  Lineage 
studies  in  mouse  embryos  genetically  en- 
gineered in  such  ways  will  help  link  gene 
expression  with  differentiation  and  mor- 
phogenesis, providing  new  approaches  to 
prevention  and  treatment  of  cancer  and 
developmental  disabilities  in  children. 

Nina  V.  Fedoroff 

We  are  studying  the  ability  of  a  protein 
encoded  by  a  transposable  element  to  regu- 
late expression  of  the  element  at  the 
transcriptional  level.  We  have  evidence  that 
one  of  the  proteins  encoded  by  the  Suf  pres- 
sor-mutator element,  originally  isolated  from 
maize,  is  not  only  required  for  transposition 


Nina  Fedoroff  (right)  shows  Barbara 
McClintock  the  book  she  co-edited  with  David 
Botstein  in  honor  of  McClintock's  90th 
birthday,  The  Dynamic  Genome,  Barbara 
McClintock's  Ideas  in  the  Century  of  Genetics 
(Cold  Spring  Harbor  Press,  1992).  McClintock 
died  in  September  1992. 


of  the  element,  but  also  for  both  positive 
and  negative  regulation  of  its  expression. 
We  are  using  a  different  maize  transposable 
element,  the  Activator  element,  as  the  basis 
of  a  transposon-tagging  system  whose  pur- 
pose is  to  identify  and  clone  genes  from  the 
model  plant  Arabidopsis. 

Andrew  Fire 

We  are  investigating  mechanisms  by 
which  cells  choose  their  fates  during 
embryonic  development.  In  particular  we 
wish  to  understand  how  developmental 
asymmetry  is  generated.  As  an  experimen- 
tal organism,  we  use  the  nematode  C. 
elegans  because  of  its  relative  simplicity:  at 
hatching,  the  organism  has  only  558  cells. 
At  this  stage  the  animals  contain  functional 
gut,  muscle,  skin,  nervous,  and  excretory 
systems.  Muscle  is  among  the  most  abun- 
dant and  best  characterized  tissues  in  the 
animal.  We  have  thus  focused  our  efforts  on 
understanding  the  formation  of  muscle-cell 
lineages  and  subsequent  muscle-cell  dif- 
ferentiation. 

C.  elegans  embryonic  development  can 
be  divided  into  three  phases.  During  the 
first  two  hours,  a  set  of  28  founder  cells 
with  characteristic  size  and  position  are 
generated.  Although  these  cells  appear  mor- 
phologically similar,  we  find  that  they  al- 
ready exhibit  differences  in  gene  expression. 
We  are  currently  examining  the  roles  of 
several  genes  which  are  expressed  in 
defined  subsets  of  the  early  cells. 

Between  two  and  six  hours  after  fertiliza- 
tion, the  cell  lineages  are  completed,  with 
five  to  six  further  rounds  of  cell  division. 
Cell  lineages  destined  to  give  rise  to  muscle 
are  distinguished  during  these  divisions,  as 
seen  by  the  expression  of  a  nuclear  protein 
called  HLH1.  Genetic  analysis  indicates  that 
HLH1  plays  a  key  role  in  later  muscle  dif- 
ferentiation, while  other  factors  play  the  key 
roles  in  the  decision  to  become  a  muscle 
cell.  We  have  undertaken  both  biochemical 
and  genetic  screens  in  order  to  identify 
these  cell-type  determination  factors. 

After  the  cell  divisions  are  completed, 
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the  cells  begin  to  differentiate  and  mor- 
phogenesis of  the  embryo  begins.  Muscle 
cells  acquire  motile  function  as  the  result  of 
a  set  of  proteins  which  form  contractile  fila- 
ment arrays.  We  have  identified  several  of 
the  transcription  factors  which  mediate 
muscle-gene  activation.  At  present  these  fac- 
tors are  being  studied  to  understand  both 
the  mechanisms  by  which  their  activity  is 
limited  to  muscle  and  their  subsequent  roles 
in  specific  activation  of  filament  protein 
gene  expression. 

Joseph  G.  Gall 

Before  their  export  to  the  cytoplasm, 
RNA  molecules  made  in  the  nucleus  under- 
go extensive  modification,  including  addi- 
tion and  subtraction  of  nucleotides,  cutting 
at  specific  sites,  and  splicing  of  originally 
separate  segments.  These  RNA-processing 
reactions  are  themselves  mediated  by  other 
RNA  molecules,  known  collectively  as  the 
small  nuclear  RNAs  or  snRNAs.  For  several 
years  our  laboratory  has  studied  the 
localization  of  snRNAs  within  the  nucleus 
to  determine  when  and  where  processing 
takes  place. 

We  are  now  concentrating  on  a  remark- 
able structure  known  as  the  coiled  body, 
which  contains  snRNAs  involved  in  three 
completely  different  processing  reactions 
(pre-mRNA  splicing,  histone  pre-mRNA 
processing,  and  rRNA  processing).  Coiled 
bodies  were  first  described  around  the  turn 
of  the  century,  but  received  little  attention 
until  three  years  ago  when  they  were  shown 
to  contain  snRNAs  and  a  specific  protein 
known  as  coilin.  We  recently  found  that  the 
assembly  of  coiled  bodies  can  be  studied  in 
vitro  in  frog  extracts.  By  selectively  eliminat- 
ing snRNA  and  protein  components  from 
the  extracts,  we  hope  to  learn  which 
molecules  are  essential  for  coiled  body  as- 
sembly and  how  these  molecules  interact 
with  each  other. 

Douglas  Koshland 

We  are  analyzing  mitosis  in  the  yeast 
Saccharomyces  cerevisiae,  to  understand  how 


changes  in  chromosome  structure  occur, 
how  centromeres  assemble  and  function, 
and  how  the  spindle  is  oriented.  To  address 
these  questions,  we  are  using  methods  that 
include  classical  and  recombinant  genetics, 
in  vitro  microtubule-centromere  biochem- 
istry, in  situ  hybridization,  and  digital  imag- 
ing microscopy. 

From  our  studies,  we  have  gained 
several  insights  into  yeast  mitosis.  Sister 
chromatids  are  paired  at  their  centromere 
and  at  multiple  sites  along  their  length.  Pair- 
ing occurs  at  or  near  the  time  when  sister 
chromatids  are  synthesized.  In  collaboration 
with  Breck  Byers  (University  of  Washing- 
ton, Seattle)  we  identified  a  mutant  defec- 
tive in  sister-chromatid  pairing  and  showed 
that  it  also  exhibits  spindle  breakage.  This 
result  suggests  an  intimate  link  between 
sister-chromatid  pairing  and  spindle  in- 
tegrity. 

Chromosomes  in  budding  yeast  also  ap- 
pear to  condense  in  mitosis,  as  they  do  in 
other  organisms.  We  have  discovered  that 
the  SMC1  gene  encodes  a  protein  that  is  a 
member  of  a  new  family  of  proteins  found 
in  both  prokaryotes  and  eukaryotes.  The 
properties  of  this  yeast  protein  and  of 
another  member  of  the  family  suggest  that 
these  proteins  may  define  a  new  group  of 
proteins  that  modulate  chromosome  struc- 
ture, perhaps  some  aspect  of  chromosome 
condensation. 

Our  analysis  of  centromere  function  sug- 
gests that  the  yeast  centromere  may  contain 
two  functional  domains,  a  DNA-binding 
core  and  a  microtubule-binding  factor(s). 
Currently,  we  are  trying  to  identify  the  com- 
ponents of  these  domains. 

Finally,  we  have  provided  evidence  that 
spindle  orientation  in  budding  yeast  is 
achieved  by  the  interaction  of  microtubules 
that  extend  from  the  spindle  pole  and  actin 
at  the  cellular  cortex.  We  have  isolated  new 
mutants  that  may  identify  components  that 
link  the  microtubules  to  actin. 

Richard  E.  Pagano 

Our  group  is  studying  the  synthesis  and 
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transport  of  lipid  molecules  in  animal  cells. 
We  wish  to  determine  the  molecular 
mechanisms  responsible  for  lipid  sorting 
and  transport  in  cells,  and  to  explore  some 
of  the  functional  roles  of  lipids  in  signal 
transduction  and  cell-growth  regulation. 
Much  of  our  work  involves  the  use  of 
fluorescent-lipid  analogs,  which  allow  us  to 
correlate  biochemical  studies  of  lipid  meta- 
bolism with  the  distribution  of  a  lipid  and 
its  metabolites  in  living  cells,  as  determined 
by  fluorescence  microscopy. 

Current  projects  in  the  lab  are  focused 
on  (1)  lipid  transport  along  the  secretory 
and  endocytic  pathways,  (2)  isolation  of 
temperature-sensitive  mutant  Chinese 
hamster  ovary  fibroblasts  which  are  defec- 
tive in  their  ability  to  incorporate  and 
transport  fluorescent  lipid  analogs,  (3) 
modulation  of  intracellular  lipid  and 
protein  transport  by  ceramide,  an  inter- 
mediate in  sphingolipid  metabolism,  and 
(4)  cloning  and  sequencing  of  a  cell-surface 
phosphatidylinositol-specific  phospholipase 
C,  which  appears  to  play  an  important  role 
in  the  regulation  of  cell  growth. 

These  studies  utilize  a  variety  of  cell 
types  including  polarized  epithelial  cells 
and  mutant  human  skin  fibroblasts  ob- 
tained from  patients  with  sphingolipid 
storage  diseases,  and  employ  techniques 
from  cell  biology,  biochemistry,  and 
molecular  biology. 

Pernille  Rorth 

During  development,  cell  differentiation 
is  manifested  by  selective  gene  expression, 
which  is  controlled  at  the  level  of  transcrip- 
tion. Having  an  interest  in  developmental 
decisions,  my  work  is  aimed  at  under- 
standing transcriptional  regulation  at  the 
molecular  level.  I  have  initially  focused  on 
the  transcription  factor  C/EBP,  using 


Drosophila  as  a  model  system  because  it  is 
amenable  to  both  biochemical  and  genetic 
experimental  approaches.  Evolutionarily 
conserved  domains  of  C/EBP  are  analyzed 
by  making  subtle  alterations  (mutations) 
therein  and  monitoring  the  resulting  (al- 
tered) molecular  characteristics,  in  vivo  by 
making  transgenic  flies  and  in  vitro  by  inde- 
pendent biochemical  assays.  Apart  from 
providing  information  about  C/EBP  itself, 
the  transgenic  flies  will  be  used  in  genetic 
screens  to  identify  proteins  that  functionally 
interact  with  C/EBP. 

Allan  C.  Spradling 

We  have  continued  to  analyze  several 
aspects  of  egg  formation  in  the  fruit  fly 
Drosophila.  Biologists  have  wondered  for 
many  years  how  a  single  cell  among  a  cyst 
of  sixteen  interconnected  daughters  is 
selected  to  become  the  oocyte.  The  remain- 
ing fifteen  cells  become  nurse  cells  and  die 
after  nourishing  the  growing  egg.  This  year 
postdoctoral  fellow  Haifan  Lin  and 
graduate  student  Lin  Yue  discovered  a  fun- 
damental connection  between  oocyte  forma- 
tion, the  cytoplasmic  proteins  that  stabilize 
membranes,  and  the  proteins  located  just  in- 
side the  cell  surface  that  serve  as  a  "mem- 
brane skeleton."  A  membrane  skeleton 
protein  called  adducin  causes  the  cell 
divisions  giving  rise  to  the  future  nurse  cells 
and  oocyte  to  be  asymmetrical,  leaving  one 
cell  with  a  unique  cytoplasmic  architecture. 
This  cell  becomes  the  oocyte  by  virtue  of 
special  intercellular  transport  properties  it 
has  acquired  that  allow  it  to  begin  receiving 
materials  from  the  future  nurse  cells.  These 
studies  were  assisted  by  a  collaboration 
with  former  Carnegie  postdoctoral  fellow 
Lynn  Cooley  (Yale  University  School  of 
Medicine). 
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The  Director's  Introduction 

Since  1973,  the  start  of  the  tenure  of  this  director,  the  Department 
of  Plant  Biology  has  undergone  a  steady  evolution  that  has  kept 
it  continually  at  the  exciting  edge  of  knowledge  in  plant  biology 
The  1970's  saw  the  beginnings  of  molecular  biology  at  the 
Department  with  the  arrival  of  William  Thompson.  Later  came 
Arthur  Grossman,  and  still  later  Neil  Hoffman.  Meanwhile  there 
occurred  a  rapid  expansion  of  activities  in  physiological  ecology,  in 
the  growing  programs  of  Joe  Berry  and  Olle  Bjorkman  and  the 
addition  of  Chris  Field.  Berry  and  Field  have  gradually  turned  their 
efforts  into  more-global  concerns,  as  seen  in  their  essays  below, 
while  the  Grossman  and  Hoffman  laboratories  have  concentrated 
more  and  more  on  problems  of  gene  structure  and  gene  product 
function,  especially  in  the  area  of  gene  regulation.  Bjorkman's  work 
has  become  increasingly  biochemical,  as  he  has  moved  into  an 
investigation  of  how  plants  dissipate  excess  light  energy  when 
conditions  are  unfavorable.  Dave  Fork  has  expanded  his  studies 
examining  how  plants  avoid  damage  to  their  photosynthetic 
machinery  under  extreme  conditions.  He  has  used  a  unique  tool, 
photoacoustic  spectroscopy,  to  investigate  and  characterize  energy 
storage  by  plants.  Meanwhile  the  Briggs  laboratory,  exhibiting  a 
completely  reversible  intellectual  sort  of  complementary  chromatic 
adaptation,  shifted  its  interest  from  the  physiology  and 
biochemistry  of  a  red-light-absorbing  class  of  photoreceptors  (the 
phytochromes)  to  blue-light  photoreceptors,  then  back  to  the 
phytochromes,  and  finally  back  to  the  blue-light  photoreceptors,  as 
indicated  below. 

In  the  course  of  these  twenty  years,  the  Department  has  been 
enriched  by  a  steady  and  increasing  stream  of  exceptionally  able 
visitors  and  fellows  at  all  levels — from  beginning  graduate  students 
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Newly  completed  laboratories  at  the  Department. 


through  postdoctoral  fellows  to  senior  faculty  members  on 
sabbatical  from  elsewhere.  These  individuals  come  to  work  with 
Carnegie  scientists  for  a  week,  a  month,  a  year,  or  several  years. 
Their  productivity,  and  that  of  our  scientific  staff  (which  averaged 
only  seven  members  over  that  time),  has  been  impressive.  The 
Department's  1973  articles  were  numbered  in  the  low  500's  in  its 
publication  record;  this  year,  Publication  Number  1200  has  been 
assigned.  Most  of  these  articles  have  appeared  in  journals  having 
rigorous  review  policies.  In  addition,  a  fairly  large  number  are  book 
articles  arising  from  invitations  to  present  talks  at  national  and 
international  meetings;  while  these  hardly  exemplify  the  best  way 
to  publish  primary  scientific  findings,  they  demonstrate  the  great 
interest  of  the  plant  biology  community  in  the  science  being  carried 
out  in  the  Department. 

Meanwhile  there  have  been  significant  changes  both  in  physical 
facilities  and  equipment.  What  was  regarded  as  modern  new  space 
in  1975,  at  the  completion  of  a  previous  building  project,  was 
completely  remodeled  in  connection  with  construction  of  the  new 
facilities  just  dedicated  this  past  spring.  One  can  be  certain  that 
these  new  facilities  will  soon  be  filled  to  capacity  upon  the  arrival 
of  the  new  director,  Chris  Somerville,  and  a  new  faculty  member, 
Shauna  Somerville. 

It  has  been  an  exciting  privilege  to  witness  and  take  part  in  this 
dramatic  growth,  both  physical  and  intellectual,  over  the  past 
twenty  years.  The  reports  and  the  publication  list  that  follow  clearly 
document  this  growth.  It  is  my  conviction  that  the  Department  of 
Plant  Biology  has  had  an  impact  on  its  field  far  out  of  proportion  to 
its  relatively  small  faculty  and  to  the  relatively  few  academic 
visitors  at  all  levels  that  it  could  accommodate.  It  was  especially 
gratifying  news  that  Chris  Somerville,  with  his  great  strengths  in 
genetics  and  molecular  biology,  and  his  broad  interests  across  the 
whole  spectrum  of  plant  biology,  accepted  Carnegie's  offer  to 
assume  the  directorship.  I  wish  him  as  exciting  a  tenure  as  I  have 
had,  and  as  productive  and  innovative  a  group  of  scientists  under 
his  leadership.  I  fully  expect  the  intellectual  evolution  to  continue 
and  at  an  accelerated  pace. 

— Winsloiv  R.  Briggs,  Director  (Emeritus) 
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Cyanob arterial  Responses  to  Nutrient  Deprivation 

by  Arthur  Grossman 

We  have  made  dramatic  progress  in  our  studies  of  nutrient 
deprivation  in  cyanobacteria — primitive  algae  which 
harvest  light  for  photosynthesis.  The  light-harvesting  complex  in 
these  organisms  is  not  a  chlorophyll-containing  complex  like  those 
found  in  higher  plants,  but  rather  pigment-protein  organelles  called 
phycobilisomes,  which  can  constitute  30%  of  the  dry  weight  of  each 
cell.  The  properties  of  phycobilisomes  can  change  such  that  they 
absorb  most  efficiently  whatever  color  of  light  is 
prevalent  in  their  environment.  Some  of  our  group's  work 
in  studying  phycobilisome  adaptability  was  discussed  in 
Year  Book  91  (pp.  112-117).  Here,  we  describe  our  recent 
studies  of  biosynthesis  and  degradation  of 
phycobilisomes  during  changes  in  the  nutrient  status  of 
the  medium  in  which  the  cyanobacterium  Synechococcus 
sp.  Strain  PCC  7942  is  grown. 

The  ability  of  the  phycobilisomes  to  degrade  and 
eventually  become  completely  destroyed  in  times  of 
nutrient  stress  may  be  valuable  to  the  cell  as  a  means  of 
providing  amino  acids  essential  for  cell  survival,  or  to 
avoid  generating  potentially  toxic  oxygen  radicals.  In 
early  studies  of  phycobilisome  degradation,  researchers 
elsewhere  found  that  a  specific  protease  (an  enzyme  active  in 
protein  degradation)  increased  approximately  six-fold  in 
nitrogen-limited  Anabaena.  It  seemed  unlikely,  however,  that  the 
extremely  rapid  and  complex  degradation  of  phycobilisomes  seen 
in  Synechococcus  in  medium  lacking  nitrogen  or  sulfur  could  be 
fully  accounted  for  by  such  a  mechanism  alone. 

To  examine  this  process  from  a  different  perspective,  we 
mutated  Synechococcus  sp.  Strain  PCC  7942  with  nitrosoguanidine 
and  screened  for  cells  unable  to  degrade  their  phycobilisomes. 
Colonies  of  such  cells  appeared  blue-green  when  grown  on  agar 
substantially  free  of  sulfur,  while  wild-type  colonies  bleached. 
These  non-bleaching  mutant  cells  exhibited  little  or  no 
phycobilisome  degradation  during  either  sulfur  or  nitrogen 
deprivation.  Surprisingly,  the  mutant  cells  grew  at  a  rate  similar  to 
wild-type  cells  and  exhibited  a  similar  ability  to  withstand  high 
light  during  the  acclimation  process.  Hence,  even  though  the 
mutant  cells  had  a  considerable  number  of  phycobilisomes,  they 
appeared  to  be  no  more  susceptible  to  photodamage  than  normally 
acclimating  wild-type  cells. 


Arthur  Grossman 
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Additional  experiments  suggested  that  the  phycobilisomes 
present  in  the  mutant  organisms  were  not  able  to  transfer  harvested 
light  energy  efficiently  to  the  reaction  centers  of  Photosystem  II. 
This  uncoupling  of  the  light-harvesting  complex  from  the  primary 
photochemical  reactions  of  Photosystem  II  may  explain  the  lack  of 
increased  photosensitivity  in  these  strains. 

To  define  the  gene  mutation  responsible  for  the  nonbleaching 
phenotype,  mutant  strains  were  changed  back  to  the  bleaching, 
wild-type  phenotype  by  the  introduction  of  a  specific  gene  cluster. 
We  defined  three  genes,  designated  orfl34,  nblA,  and  txlA,  that 
make  up  this  cluster.  orfl34  is  constitutively  expressed  and  does  not 
appear  to  be  involved  in  acclimation  to  nutrient  deprivation. 
However,  we  found  that  the  expression  of  both  nblA  and  txlA  is 
regulated  by  both  the  nitrogen  and  sulfur  levels  in  the  medium  and 
are  important  to  the  acclimation  process. 

The  nblA  gene.  The  nblA  gene  contains  an  open  reading  frame 
coding  for  a  sequence  of  59  amino  acids  which  is  initiated  at  a 
methionine  codon  preceded  by  a  good  ribosome  binding  site.  No 
homology  was  observed  between  the  amino  acid  sequence  encoded 
by  nblA  and  any  sequence  in  the  libraries  of  gene  and  protein 
sequences.  A  small  transcript  covering  this  gene  accumulates  at 
high  levels  only  in  cells  starved  for  nitrogen  or  sulfur,  although 
very  low  levels  may  be  present  in  cells  maintained  in 
phosphorus-free  or  in  complete  medium.  We  found  that  the  lesion 
causing  the  nonbleaching  phenotype  was  a  single  base  substitution 
in  nblA  of  a  serine  to  a  phenylalanine.  (Insertional  inactivation  of  a 
normal  nblA  gene  also  results  in  a  nonbleaching  phenotype,  a 
consequence  of  essentially  no  phycobilisome  degradation  during 
nitrogen-  or  sulfur-limited  growth.) 

Increased  expression  of  nblA  appears  to  be  correlated  with 
decreased  phycobilisome  levels  in  unstressed  cells.  When  the 
wild-type  nblA  gene  is  placed  on  an  autonomously  replicating 
plasmid  (a  "shuttle"  vector  constructed  by  David  Laudenbach)  and 
inserted  into  Synechococcus  sp.  Strain  PCC  7942,  the  number  of 
phycobilisomes  on  a  per  cell  basis  declines  by  20-30%  in  nutrient- 
replete  medium.  This  result  suggests  that  multiple  copies  of  the 
gene  may  allow  increased,  although  still  low-level,  expression  of 
nblA,  and  thus  an  elevated  rate  of  phycobilisome  degradation. 
Furthermore,  we  found  that  the  cells  will  degrade  phycobilisomes 
during  phosphate  stress  if  nblA  is  placed  under  the  control  of  the 
alkaline  phosphatase  promoter  (active  during  phosphate-limited 
growth)  and  introduced  into  the  cells.  Recently,  Jackie  Collier,  the 
graduate  student  in  my  laboratory  who  has  performed  most  of  this 
work,  has  expressed  nblA  in  the  antisense  direction  and  prevented 
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phycobilisome  degradation  during  nutrient  limitation. 

A  number  of  interesting  ideas  can  be  gleaned  from  our  studies 
of  nblA.  First,  since  increased  expression  of  this  gene  can  induce 
phycobilisome  degradation,  it  is  likely  to  be  the  only  (or  primary) 
gene  whose  activity  must  be  elevated  to  provoke  bleaching  during 
sulfur-  or  nitrogen-limited  growth.  Second,  the  small  size  of  its 
protein  product  and  the  protein's  lack  of  similarity  to  any  known 
protease  suggest  that  it  is  not  a  protease  itself  (although  it  could  be 
an  unusual  protease).  There  are  a  number  of  possible  functions  that 
this  protein  may  have  that  would  explain  why  it  appears  to  be 
essential  for  bleaching  during  nutrient-limited  growth.  The  nblA 
gene  product  may  function  to  activate  a  protease  which 
subsequently  breaks  down  the  phycobilisome,  or  the  small  protein 
may  interact  with  the  constituents  of  the  phycobilisome  complex 
and  increase  their  susceptibility  to  proteolysis.  Finally,  although 
nblA  is  the  only  gene  product  initially  needed  to  provoke 
phycobilisome  degradation,  it  may  be  involved  in  the  activation  or 
de-repression  of  other  genes  in  the  cell.  (nblA  does  not  resemble  any 
transcriptional  regulators  characterized  to  date.)  We  still  do  not 
know  whether  NblA,  the  product  of  nblA,  triggers  the  degradation 
of  other  complexes  in  the  cell,  such  as  the  ribulose-l,5-bisphosphate 
carboxylase  holoenzyme. 

The  txlA  gene.  The  txlA  gene  is  located  downstream  of  nblA,  but 
is  transcribed  from  the  opposite  DNA  strand.  txlA  encodes  a 
protein  of  190  amino  acids,  TxlA,  which  has  homology  to  both 
thioredoxin  and  protein  disulfide  isomerase.  Examination  of  the 
N-terminus  of  the  protein  reveals  a  hydrophobic  region  of  twenty 
amino  acids.  This  region  has  features  characteristic  of  an  a-helical, 
transmembrane  domain.  The  txlA  mRNA  levels  appear  to  decline 
during  deprivation  of  either  nitrogen  or  sulfur.  This  decrease  may 
be  the  result  of  elevated  transcription  of  nblA  and  subsequent 
readthrough  on  the  antisense  strand  of  the  txlA  gene.  There  are  a 
variety  of  different-sized  transcripts  that  cover  the  region  of  the 
genome  containing  nblA.  The  major  transcript  is  the  size  of  the  nblA 
open  reading  frame  (approximately  200  nucleotides).  Larger 
transcripts  extend  past  nblA  and  either  partially  or  completely 
cover  txlA.  The  levels  of  the  transcripts  extending  through  txlA  in 
the  sense  and  antisense  directions  were  measured  with  single- 
stranded  riboprobes.  The  "antagonistic  transcription"  from  nblA 
may  retard  mRNA  synthesis  from  the  sense  strand  of  txlA  and  may 
inhibit  the  production  of  protein  from  the  txlA  transcript.  This  type 
of  regulation — the  synthesis  of  an  antisense  transcript  to  eliminate 
the  production  and/or  accumulation  of  mRNA  and  protein 
product — has  not  been  observed  in  many  systems. 
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We  next  investigated  the  role  of  the  txlA  gene  product  in  the 
cells.  Why  would  the  cell  want  to  reduce  the  level  of  TxlA  protein 
during  nutrient-limited  growth?  We  have  begun  to  dissect  the  role 
of  txlA  using  interposon  mutagenesis:  Jackie  Collier  has  placed  the 
spc  gene  (which  confers  spectinomycin  resistance  to  the  cells)  in  the 
region  of  txlA  encoding  the  C-terminal  of  the  protein.  Cells 
containing  the  interrupted  txlA  gene  (txlA~)  grew  in  nutrient-replete 
medium  more  slowly  than  wild-type  cells  and  had  higher 
phycocyanin-to-chlorophyll  ratios.  This  increased  ratio  is  a 
consequence  of  decreased  chlorophyll  in  the  cell. 

The  most  revealing  information  as  to  the  role  of  the  protein 
TxlA  has  come  from  measurements  of  in  vivo  chlorophyll 
fluorescence  in  the  txlA~  strain  where  the  actinic  light  used  for 
excitation  was  mostly  absorbed  by  either  chlorophyll  (440  nm)  or 
phycobiliproteins  (570  nm).  Excitation  of  the  chlorophyll  molecules 
yielded  fairly  normal  fluorescence  from  Photosystem  I  and 
Photosystem  II  chlorophyll.  However,  if  570-nm  light  is  used  to 
excite  the  phycobilisome,  there  is  a  marked  decrease  in  the 
fluorescence  at  695  nm  (relative  to  that  observed  in  wild-type  cells), 
which  represents  the  chlorophylls  associated  with  the  Photosystem 
II  reaction  center.  Furthermore,  when  excited  at  570  nm,  the 
fluorescence  emission  at  685  nm  is  shifted  to  682  nm.  Similar 
changes  in  the  characteristics  of  fluorescence  emission  after 
excitation  with  570-nm  light  (reduced  fluorescence  of  chlorophyll 
associated  with  Photosystem  II  reaction  centers  and  a  shift  in  the 
685-nm  peak  toward  the  blue)  are  observed  soon  after  wild-type 
cells  are  deprived  of  nitrogen  or  sulfur. 

Both  of  these  changes  in  fluorescence  emission  may  result  from 
uncoupling  the  phycobilisomes  from  the  reaction  centers,  or  from 
excess  phycobilisomes  in  the  cell  that  are  no  longer  coupled  to  the 
reaction  centers.  Hence,  TxlA  may  somehow  be  involved  in 
maintaining  the  functional  association  of  the  phycobilisomes  with 
the  Photosystem  II  core  complex  or  in  assembly  of  the  reaction 
center  of  Photosystem  II. 

I  feel  that  this  work  has  turned  out  to  be  quite  novel  and  has  led 
us  into  a  network  of  information  relevant  to  the  biogenesis  of  the 
phycobilisomes  and  their  interactions  with  the  photosynthetic 
membranes.  It  has  strong  physiological  relevance,  since  it  would  be 
important  for  cyanobacteria  to  prevent  excitation  of  Photosystem  II 
during  nutrient  stress,  as  such  excitation  would  ultimately  lead  to 
the  production  of  oxygen  radicals  that  could  be  damaging  to  many 
cellular  processes.  If  the  phycobilisomes  remained  connected  to 
Photosystem  II  in  the  absence  of  anabolic  processes  we  might 
expect  the  cells  to  become  more  vulnerable  to  high  intensities  of 
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light.  Finally,  the  process  of  degradation  and  biosynthesis  of  the 
phycobilisome  is  always  going  on  in  the  cell  at  a  limited  level,  and 
these  processes  appear  to  be  dependent  on  the  functioning  of  NblA 
and  TxlA.  Hence,  these  gene  products  may  be  crucial  for 
coordinating  photosynthetic  activity  with  the  other  metabolic 
processes  of  the  cell. 


Global  Plant  Production 

by  Christopher  B.  Field 

Biology  has  emerged  only  recently  as  a  major  component  of 
global  change  research.  Until  the  last  few  years,  most  global 
change  researchers,  as  well  as  most  biologists,  viewed  organisms 
and  ecosystems  as  entities  potentially  affected  by  changes  in 
climate  and  the  composition  of  the  atmosphere,  but  not  as 
major  regulators.  This  view  of  plants  and  ecosystems 
solely  as  victims  of  global  change  faded  rapidly  as 
biological  features  repeatedly  emerged  as  critical 
unknowns  in  assessments  of  climate  and  atmospheric 
responses  to  major  drivers  of  global  change.  These  drivers 
include  changes  in  levels  of  atmospheric  carbon  dioxide 
and  other  greenhouse  and  chemically  active  gases,  as  well 
as  changes  in  surface  features  like  the  draining  of 
wetlands  and  increased  confinement  of  river  channels. 

In  several  ways,  plants  and  ecosystems  are  now 
known  or  strongly  suspected  to  play  critical  roles  in 
modulating  whole-earth  responses  to  human  activities.  Christopher  Field 

Plants  not  only  regulate  the  amount  of  solar  radiation 
absorbed  by  the  land  surface,  they  also  control  the  fate  of  this 
energy  and  the  partitioning  of  its  effects  between  evaporating  water 
and  heating  the  surface.  Plant  photosynthesis  (carbon  dioxide 
uptake)  drives  the  largest  flux  in  the  global  carbon  cycle.  Exchanges 
of  carbon  dioxide  between  plants  and  the  atmosphere  tend,  in  the 
long  run,  to  operate  close  to  balance,  with  annual  uptake  nearly 
equal  to  annual  release.  The  magnitude  of  these  fluxes  is  so  large, 
however,  that  even  small  imbalances  potentially  have  profound 
impacts  on  atmospheric  carbon  dioxide  and  the  related 
consequences  for  climate.  Other  greenhouse  gases  with  budgets 
strongly  regulated  by  ecosystem  processes  include  methane  and 
nitrous  oxide,  both  of  which  are  much  more  active  as  greenhouse 
gases  than  carbon  monoxide  and  are  increasing  more  rapidly. 

Quantitative  assessment  of  the  impacts  of  these  plant  and 
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ecosystem  processes  requires  three  kinds  of  tools.  These  are  (1) 
knowledge  of  how  much  plant  biomass  is  present  on  the  Earth  and 
how  that  biomass  is  distributed,  both  spatially  and  among  different 
types  of  ecosystems,  (2)  models  for  predicting  rates  of  plant  and 
ecosystem  processes,  and  (3)  models  for  integrating  the  plant  and 
ecosystem  processes  into  models  that  predict  climate  responses, 
atmospheric  composition,  or  the  distribution  of  ecosystems.  Work 
in  my  lab  addresses  the  development  of  all  three  classes  of  tools. 

First,  together  with  a  large  group  of  collaborators  contributing 
to  the  Earth  Observing  System,  part  of  NASA's  Mission  to  Planet 
Earth,  we  are  working  to  develop  improved  techniques  for 
assessing  plant  cover  and  photosynthetic  potential  from  satellites. 
Most  of  our  effort  involves  field  and  laboratory  studies  with 
instruments  that  duplicate  some  satellite  capabilities  but  in  a 
context  that  is  compatible  with  detailed  physiological  and 
ecological  studies.  Second,  our  efforts  to  develop  improved  models 
of  global  plant  and  ecosystem  processes  focus  on  two  areas: 
ecosystem  responses  to  elevated  atmospheric  carbon  dioxide  and 
models  of  large-scale  plant  production,  respiration,  and 
decomposition.  Finally,  to  integrate  these  plant  and  ecosystem 
products  into  broader  models,  we  are  cooperating  with 
atmospheric  and  climate  modeling  groups  elsewhere. 

Because  the  concept  of  scaling  plant  and  ecosystem  processes  to 
the  global  level  is  relatively  new  and  still  dynamic,  I  offer  here  an 
example  of  one  application  in  some  detail.  How  can  we  take 
advantage  of  what  we  know  about  plant  and  ecosystem  processes, 
from  the  biochemical  to  the  ecological  level,  to  develop  an 
intellectually  defensible  model  for  plant  growth  at  the  global  scale? 
At  least  two  approaches  have  some  appeal. 

One  begins  with  the  biochemistry  of  photosynthesis  and  uses 
this  as  a  driver  for  one  or  more  models  of  plant  growth.  The 
attraction  of  this  mechanistic  approach  is  that  at  its  basis  are 
well-understood  biochemical  and  physiological  processes.  Joe 
Berry's  lab  in  the  Department,  with  whom  we  have  close 
collaborations,  has  taken  a  major  role  in  developing  such  global 
photosynthesis  models,  the  topic  of  his  essay  in  this  Year  Book. 
Models  like  this  underlie  accurate  estimates  of  the  surface  energy 
balance,  but  their  applicability  to  the  topic  of  plant  growth  is 
limited  by  present  knowledge  of  the  processes  occurring  between 
photosynthesis  and  growth,  including  respiration,  allocation  of 
biomass  to  leaves,  stems,  roots,  and  reproductive  structures, 
investments  in  defensive  compounds,  and  longevity  of  different 
tissues.  Since  current  understanding  of  the  mechanisms  controlling 
several  of  these  processes  is  quite  primitive,  and  since  simulation 
models  always  present  increased  challenges  when  they  span  many 
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scales  of  organization,  it  is  worth  exploring  the  feasibility  of 
modeling  growth  directly.  Such  a  model,  predicting  plant  growth  or 
ecosystem  net  primary  productivity  (NPP)  as  a  function  of 
environmental  variables,  sacrifices  mechanism  at  the  process  level 
to  add  improved  prospects  for  tests  against  observations.  It  also 
adds  the  possibility  of  capturing  ecological  mechanisms  that  might 
be  more  important  than  the  biochemical  mechanisms  of 
photosynthesis. 

Our  model  of  global  terrestrial  NPP  is  part  of  a  larger  model  we 
call  CASA,  for  Carnegie,  Ames,  Stanford  Approach.  CASA  is 
designed  to  use  satellite  data  as  inputs,  allowing  it  to  make  very 
detailed  assessments  of  temporal  and  spatial  variation  in  NPP.  In 
CASA,  NPP  is  sensitive  to  both  environmental  conditions  (e.g., 
temperature  and  soil  moisture)  and  internal  plant  factors  (such  as 
biomass  allocation  to  leaves  versus  other  structures). 

One  of  the  model's  most  critical  postulates  is  that  evolution  has 
generally  shaped  plants  to  avoid  investments  for  harvesting 
resources  they  cannot  use.  From  satellite  data,  it  is  very  difficult  to 
tell  when  plant  growth  is  limited  by  nutrient  availability  or  water 
stress,  but,  worldwide,  these  are  the  two  most  common  limitations 
to  plant  growth.  What  we  need  is  a  technique  for  assessing  nutrient 
or  water  limitations  on  the  basis  of  some  parameter  that  can  be 
measured  from  satellite  data.  This  is  where  the  assumption  that 
plants  avoid  investments  in  excess  resource  harvesting  becomes 
important.  If  growth  is  limited  by  nutrients  or  water  and  if  plants 
regulate  investments  in  light  harvesting  to  be  consistent  with  the 
availability  of  the  limiting  resources,  then  we  should  be  able  to  use 


Predoctoral  fellow  Carolyn  Malmstrom  (left)  and  Stanford  predoctoral 
fellow  Amy  Austin  adjust  a  "close-range  satellite."  This  instrument  is  used  to 
test  algorithms  for  future  use  in  monitoring  plant  growth  from  space-borne 
satellites  and  to  obtain  nondestructive  measures  of  plant  growth  at  elevated 
atmospheric  carbon  dioxide. 
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Fig.  1.  Annual  net  primary  productivity  (NPP)  of  the  land  surface  in  g  carbon  per  square 
meter  per  year.  The  lightest  shades  indicate  the  highest  NPP. 


light  interception,  which  can  be  estimated  from  satellite  data,  as  an 
index  of  nutrient  and  water  availability. 

Does  this  postulate  hold  in  real  ecosystems?  We  have  evaluated 
it  with  three  kinds  of  data.  In  studies  on  sunflower  canopies, 
graduate  student  Geeske  Joel  and  postdoctoral  fellow  John  Gamon 
(now  at  California  State  University)  asked  whether  the  relationship 
between  NPP  and  light  interception  is  affected  by  water  and 
nutrient  stress.  They  found  that  severe  conditions  of  either  stress 
resulted  in  a  decrease  of  only  about  15%  in  growth  per  unit  of 
intercepted  light.  In  studies  of  the  photosynthesis  of  grassland  at 
Stanford's  Jasper  Ridge  Biological  Preserve,  visiting  investigator 
Riccardo  Valentini  (from  the  University  of  Tuscia,  Italy)  and  Gamon 
observed  that  photosynthesis  per  unit  of  intercepted  light  was 
insensitive  to  variation  in  water  availability  until  late  in  the 
growing  season,  when  water  limitation  became  very  severe.  Both 
these  kinds  of  experimental  data  indicated  that  it  was  legitimate  to 
make  a  model  in  which  some,  but  not  all,  of  the  effects  of  water  and 
nutrient  limitation  are  accounted  in  satellite-based  estimates  of 
light  interception. 

To  partition  the  impacts  of  water  and  nutrient  stress  between 
effects  that  do  and  do  not  appear  in  estimates  of  light  interception, 
we  have  used  two  approaches.  One  is  to  quantify  the  two  kinds  of 
effects  in  experimental  studies,  including  the  studies  on  sunflower 
and  Jasper  Ridge  grassland  canopies.  The  other  has  been  to 
introduce  a  number  of  formulations  for  effects  of  water  and 
nutrient  stress  into  the  CASA  model  and  to  compare  the  CASA 
estimates  of  NPP  against  values  measured  at  the  few  sites  where 
such  measurements  are  available.  Using  this  approach,  research 
assistant  Jim  Randerson  found  the  best  fit  to  data  with  a 
formulation  where  NPP  is  very  sensitive  to  intercepted  light  and 
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only  somewhat  sensitive  to  water  and  temperature  stress.  In 
quantitative  terms,  the  CASA  prediction  is  that  about  15%  of  global 
annual  NPP  is  not  explained  by  variation  in  intercepted  light.  This 
is  very  close  to  the  result  from  the  sunflower  canopies,  even  though 
that  latter  study  was  based  on  studies  covering  less  than  an  acre, 
and  the  former  on  a  model  of  the  entire  terrestrial  surface. 

CASA  predicts  that  annual  terrestrial  NPP  is  about  48 
Petagrams  (1  Pg  =  1  billion  metric  tons)  of  carbon  per  year.  This  is 
comparable  to  estimates  from  other  recent  studies  and  is  about  ten 
times  the  carbon  released  in  fossil  fuel  combustion.  The  spatial 
pattern  of  predicted  NPP  (Fig.  1)  demonstrates  the  importance  of 
tropical  rainforests.  Though  they  compose  only  12%  of  the  Earth's 
land  area,  they  contribute  over  35%  of  the  NPP. 

In  the  future,  we  plan  to  use  CASA,  in  conjunction  with  the 
kind  of  models  under  development  in  Joe  Berry's  lab,  to  examine 
consequences  of  major  weather  events  like  the  drought  of  1988,  the 
floods  of  1993,  or  the  El  Nino  of  1982-1983.  Along  the  way,  we  hope 
to  deepen  and  broaden  the  understanding  of  the  mechanistic 
controls  on  biosphere  function. 


Biochemical  Processes  in  Leaves  under  Stress 

by  Olle  Bjorkman 

In  all  biological  systems  adenosine  triphosphate  (ATP)  serves  as 
the  "currency"  in  transferring  energy  between  molecules.  In 
animals  and  all  other  non-photosynthetic  organisms  ATP  is 
generated  from  adenosine  diphosphate  (ADP)  and  inorganic 
phosphate  (Pi)  in  a  process  called  oxidative  phosphorylation. 
The  energy  required  to  drive  this  process  is  generated  when  stored 
sugars  and  other  organic  compounds  are  oxidized  to 
carbon  dioxide  and  water  in  the  normal  respiratory 
process.  Plant  tissues  that  are  devoid  of  chloroplasts  also 
produce  ATP  by  this  process,  as  do  all  plant  organs  at 
night  when  no  light  is  available  to  drive  photosynthesis. 
In  photosynthesis,  light  provides  the  energy  required 
to  generate  ATP  from  ADP  and  Pj.  This  process  is  termed 
photophosphorylation.  The  photons  absorbed  by  the 
chlorophyll  molecules  will  raise  the  energy  level  of  the 
latter,  and  the  chlorophyll  is  said  to  be  in  an  excited  state. 
This  excitation  energy  is  then  used  to  remove  electrons 
from  water,  which  becomes  oxidized  to  form  O2.  The 
electrons  are  transferred  to  nicotinamide  adenine 
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dinucleotide  phosphate  (NADP+),  which  then  becomes  reduced  to 
NADPH.  Coupled  with  this  linear  (non-cyclic)  electron  flow  is  a 
proton  flow  which  generates  a  proton  gradient  across  the 
chloroplast  membrane.  The  energy  of  this  proton  gradient  is  used 
to  drive  photophosphorylation.  When  sufficient  CO2  is  available  to 
the  chloroplasts  the  NADPH  and  ATP  are  used  to  reduce  C02  to 
form  sugars,  starch,  and  other  energy-rich  products.  Thus,  under 
conditions  of  steady-state  photosynthesis,  NADPH  is  reconverted 
to  NADP+  and  ATP  is  reconverted  to  ADP  at  the  same  rate  as  they 
are  generated,  and  one  would  expect  that  the  concentration  of  each 
of  these  compounds  to  remain  constant  and  relatively  low. 
However,  one  would  also  expect  that  any  factor  affecting  the  rate  of 
ATP  consumption  relative  to  its  generation  will  result  in  a  change 
in  the  ATP  level. 

The  extent,  if  any,  to  which  photophosphorylation  can  proceed 
under  prolonged  exposure  of  leaves  to  stress  conditions  severely 
restricting  CO2  assimilation  is  unknown,  and  data  on  steady-state 
levels  of  ATP,  ADP,  and  AMP  (adenosine  monophosphate)  in  such 
leaves  are  lacking.  A  useful  measure  of  the  relative  levels  of  these 
compounds  is  the  adenylate  energy  charge,  here  defined  as 
(2ATP+ADP)/(ATP+ADP+AMP).  During  the  past  year  we  have 
initiated  studies  designed  to  obtain  data  on  the  adenylate  energy 
charge  under  different  levels  of  stress.  There  are  several  important 
reasons.  First,  such  data  could  provide  insight  into  whether,  during 
stresses  that  preclude  net  carbon  gain,  plants  are  able  to  use  light 
energy  for  the  production  of  the  ATP  needed  for  maintenance  and 
repair  processes.  If  the  answer  is  no,  then  this  ATP  must  be 
produced  exclusively  by  oxidative  phosphorylation,  which  would 
deplete  the  stored  carbon  reserves.  Second,  such  data  could  provide 
information  on  whether  alternative  pathways  for  photo- 
phosphorylation significantly  contribute  to  ATP  generation  in  intact 
leaves  under  natural  conditions,  i.e.,  whether  the  generation  of  the 
required  proton  gradient  is  driven,  not  by  the  regular  noncyclic 
electron  flow,  but  by  a  cyclic  or  pseudocyclic  electron  flow.  Third, 
such  data  may  provide  further  valuable  insights  into  the  processes 
underlying  the  regulation  of  energy  dissipation  in  leaves,  a  topic 
that  has  been  a  main  focus  of  our  research  group  for  many  years. 

Using  a  newly  developed  method  for  adenine  nucleotide 
determination  by  high-performance  liquid  chromatography,  Adam 
Gilmore  and  I  made  concurrent  determinations  of  the  ATP,  ADP, 
and  AMP  levels  in  leaves  of  cotton  and  of  the  mangrove  Aegialitis 
annulata.  The  rate  of  photosynthetic  CO2  uptake  was  varied  by  two 
different  means:  changing  the  leaf  temperature  and  changing  the 
rate  of  CO2  supply.  The  latter  served  to  simulate  water-stress- 
induced  closure  of  the  stomatal  pores  on  the  leaf  surface.  The  rate 


0         100      200      300       400      500 
Intercellular  CO    (C,),  (j,bar 


Fig.  1.  (top)  Steady-state  rate  of 
photosynthetic  CO2  uptake  and  calculated 
rate  of  non-cyclic  electron  flow  (PET)  and 
(bottom)  adenylate  energy  charge  in  a 
cotton  leaf  vs.  intercellular  CO2 
concentration  (Q).  All  measurements  were 
made  at  15°C  and  1200  |umol  photon  m~2  s"1 
after  30  minutes  at  each  condition. 


of  non-cyclic  electron  flow  was  calculated  from  the  measured  rates 
of  CO2  uptake. 

An  example  of  the  responses  obtained  with  cotton  leaves  is 
shown  in  Figure  1.  A  leaf  photosynthesizing  in  air  of  normal  CO2 
concentration  and  15°C  would  have  an  intercellular  CO2 
concentration  (Q)  of  about  230  ubar.  As  shown  in  Figure  1,  the  rates 
of  CO2  uptake  and  non-cyclic  electron  flow  (PET)  increased  only 
slightly  when  Q  was  raised  to  around  500  ubar,  and  the  adenylate 
energy  charge  remained  essentially  unchanged.  By  contrast,  when 
Q  was  decreased  below  200  ubar  the  resulting  decreases  in  the  rates 
of  C02  uptake  and  PET  were  accompanied  by  an  increase  in  the 
adenylate  energy  charge.  Maximal  energy  charge  was  reached 
when  there  was  no  net  CO2  uptake  and  PET  was  very  low.  Other 
experiments  with  both  cotton  and  Aegialitis  leaves  consistently 
showed  that  the  leaves  were  able  to  maintain  a  very  high  adenylate 
energy  charge  when  subjected  to  conditions  that  severely  restricted 
rates  of  CO2  uptake  and  PET.  This  was  true  whether  the  rate  of 
photosynthesis  was  varied  by  changing  the  C„  the  leaf  temperature, 
or  both.  It  is  thus  clear  that  the  leaves  are  capable  of  continued 
photophosphorylation  under  these  conditions. 

Our  experiments  also  showed  that  when  leaves  that  were 
exposed  to  such  stress  conditions  were  darkened,  within  2-3 
minutes  the  ATP  rapidly  decreased  while  ADP  and  especially  AMP 
rapidly  increased.  These  changes  indicate  that  the  ATP,  formed  by 
photophosphorylation  in  the  light,  was  indeed  being  used  in 
metabolism.  Moreover,  our  data  confirmed  that  the  ATP,  ADP,  and 
AMP  pools  present  in  the  chloroplast  and  cytoplasm  compartments 
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were  in  a  quasi-equilibrium  at  all  times.  Thus,  each  leaf  cell  acts  in 
effect  as  a  single  compartment,  and  the  ATP  formed  during 
photophosphorylation  apparently  is  potentially  available  for  use  in 
biosynthetic  and  maintenance  processes  anywhere  in  the  cell. 
Obviously,  much  further  work  is  needed  to  establish  the  extent  to 
which  plants  are  capable  of  generating  ATP  by  photo- 
phosphorylation under  actual  and  longer-term  stress  conditions 
in  real  field  situations. 

As  mentioned  above,  it  seems  unlikely  that  ATP  generated 
under  conditions  of  little  or  no  net  CO2  fixation  is  sustained  by 
regular  non-cyclic  photophosphorylation.  Hence,  it  must  instead  be 
driven  either  by  cyclic  or  by  pseudocyclic  electron  flow.  The  latter 
process  involves  the  Mehler  ascorbate-peroxidase  reaction.  It  is 
known  that  ascorbate  peroxidase  is  inhibited  by  the  sulfhydryl 
reagent,  dithiothreitol  (DTT);  therefore,  application  of  DTT  to 
leaves  should  inhibit  the  Mehler-ascorbate-peroxidase  reaction. 
Provided  that  this  reaction  is  mainly  responsible  for  the  ATP 
synthesis  that  takes  place  when  there  is  little  no  net  C02  uptake, 
then  application  of  DTT  should  lead  to  a  decrease  in  the  ATP  level. 

We  checked  that  sufficient  DTT  had  penetrated  into  the 
chloroplasts  by  determining  the  extent  of  conversion  of  the 
carotenoid  violaxanthin  to  zeaxanthin,  since  the  enzyme  catalyzing 
this  conversion  is  also  known  to  be  inhibited  by  DTT.  We  found  that 
the  violaxanthin-to-zeaxanthin  conversion  was  totally  blocked  in 
the  DTT-treated  leaves.  In  contrast,  the  adenylate  energy  charge 
was  unaffected  by  DTT  over  a  wide  range  of  photosynthetic  rates, 
and  the  energy  charge  of  leaves  that  were  illuminated  in  the 
absence  of  CO2  was  as  high  as  that  of  untreated  control  leaves. 
Therefore,  we  tentatively  conclude  that  ATP  synthesis  was  driven 
by  cyclic  rather  than  pseudocyclic  electron  flow. 

A  third  aspect  of  this  study  is  the  relationship  between  ATP  and 
the  so-called  sustained  quenching  of  chlorophyll  fluorescence. 
Previous  work  in  this  laboratory  and  elsewhere  has  provided 
strong  evidence  that  plants  possess  a  mechanism  by  which  they  are 
able  to  dissipate  excess  light  energy  safely  as  heat.  This  mechanism 
would  serve  to  protect  the  photosynthetic  system  from  damage  that 
may  otherwise  result  when  the  light  energy  absorbed  by  the 
chlorophyll  exceeds  the  rate  at  which  it  can  be  used  in 
photosynthesis.  The  potential  for  such  damage  is  especially  high 
when  leaves  are  subjected  to  stresses  that  severely  restrict  the 
photosynthetic  rate  while  the  light  incident  on  the  leaf  remains 
high.  The  dissipation  of  energy  evidently  is  dependent  on  two  main 
factors,  namely  the  concentration  of  the  carotenoids  zeaxanthin  and 
antheraxanthin  and  the  proton  gradient  across  the  chloroplast 
membrane.  When  the  potential  for  ATP  production  exceeds  the  rate 
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of  ATP  consumption,  the  proton  gradient  rises,  and  violaxanthin  is 
converted  to  zeaxanthin  via  the  intermediate,  antheraxanthin.  An 
increasing  fraction  of  the  absorbed  light  energy  is  then  dissipated  as 
heat.  The  extent  of  this  dissipation  is  usually  monitored  and 
quantified  in  terms  of  the  extent  of  decrease  in  the  fluorescence 
emitted  from  the  chlorophyll.  This  decrease  in  fluorescence 
emission  is  commonly  termed  non-photochemical  fluorescence 
quenching  (NPQ). 

Typically,  NPQ  increases  whenever  the  light  becomes  excessive 
and  then  relaxes  again  when  the  light  is  decreased  or  the  leaf  is 
darkened.  In  leaves  exposed  to  moderately  excessive  light  under 
otherwise  favorable  conditions  the  relaxation  of  NPQ  that  occurs 
after  the  leaf  is  darkened  can  be  quite  rapid  and  may  be  essentially 
complete  after  2-3  minutes  in  the  dark.  This  is  generally  considered 
to  reflect  a  rapid  disappearance  of  the  light-driven  proton  gradient. 
However,  under  certain  conditions,  such  as  when  leaves  have  been 
subjected  to  prolonged  exposure  to  high  light  levels  in  the  presence 
of  low-temperature  or  water  stress,  the  relaxation  of  NPQ  typically 
is  much  slowed  and  is  only  partially  reversible.  In  the  past,  such 
"sustained  NPQ"  has  been  considered  to  result  from  causes  other 
than  proton-gradient-dependent  energy  dissipation  and  often  has 
been  taken  as  an  indication  of  damage  to  the  photosynthetic 
system.  In  view  of  recent  results  obtained  with  isolated  chloroplasts 
by  Gilmore  and  Yamamoto  in  Hawaii  and  with  whole  leaves  by 
Gilmore  and  me  in  this  laboratory,  it  appears  that  sustained  NPQ 
instead  reflects  a  sustained,  relatively  high  proton  and  zeaxanthin 
or  antheraxanthin  concentration.  The  distinction  is  crucial,  since  in 
one  case  a  sustained  NPQ  would  be  taken  to  indicate  photodamage, 
in  the  other  photoprotection. 

Our  hypothesis,  that  in  many  cases  a  sustained  or  very  slowly 
relaxing  NPQ  is  attributable  to  continued  energy  dissipation,  is 
supported  by  the  following  observations.  Provided  that  zeaxanthin 
is  present,  a  high  NPQ  level  can  be  induced  and  sustained  by 
addition  of  ATP  even  in  total  darkness  (Gilmore  and  Yamamoto). 
The  NPQ  is  roughly  proportional  to  the  proton  concentration  times 
the  zeaxanthin  +  antheraxanthin  concentration,  and  the  proton 
gradient  is  generated  by  the  hydrolysis  of  ATP  to  ADP  and  AMP.  In 
leaves  (our  current  studies),  conditions  that  lead  to  high  levels  of 
sustained  NPQ  also  result  in  accumulation  of  high  ATP  levels,  and 
this  ATP  is  hydrolyzed  during  a  subsequent  dark  period.  Moreover, 
conditions  that  lead  to  high  zeaxanthin  +  antheraxanthin  levels  and 
greatly  retard  the  reconversion  of  these  xanthophylls  to 
violaxanthin  in  the  dark  (indicating  that  a  relatively  high  proton 
concentration  is  present)  also  retard  the  relaxation  of  NPQ  in  a  very 
similar  manner. 
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Global  Distribution  of  C4  Plants 

by  Joseph  A.  Berry 

Plants  having  the  C4  pathway  of  photosynthesis  differ  markedly 
from  those  having  the  more  common  C3  pathway  in  their 
photosynthetic  and  stomatal  conductance  responses  to  the 
environment.  As  a  consequence,  canopies  predominantly 
composed  of  different  photosynthetic-pathway  types  should 
interact  differently  with  the  atmosphere.  Specifically,  C4  canopies 
should  be  expected  to  dissipate  absorbed  solar  radiation  to  a 
greater  extent  as  sensible  heat  rather  than  through  the  evaporation 
of  water.  These  differences  in  land-atmosphere  interactions,  in  turn, 
should  affect  the  climate  that  develops  over  the  continents. 
To  address  these  matters,  James  Collatz  and  others 
working  in  my  lab  developed  a  model  of  C4 
photosynthesis  and  integrated  it  into  the  Simple 
Interactive  Biosphere  (SIB)  model,  which  is  used  to 
simulate  biosphere-atmosphere  interactions  in  the 
context  of  an  atmospheric  general  circulation  model. 
The  global  SIB  model  can  now  switch  between  C3  and 
C4  physiology  from  cell  to  cell  in  response  to  a  cue 
placed  in  the  input  data. 

The  next  important  step  in  this  work  was  to 
delineate  carefully  the  regions  of  the  globe  that  are 
dominated  by  C3  and  C4  species.  Collatz  divided  the 

problem  into  two  parts.  First,  while  not  all  C4  plants  Joseph  Berry 

are  grasses,  all  extensive  areas  of  C4  vegetation  are 
grasslands.  Tropical  forests  occur  in  climates  that  are  favorable  for 
C4  species,  and  the  grasses  that  occur  in  forest  breaks  or  disturbed 
areas  are  C4,  but  the  dominant  tree  species  all  are  C3.  (All  forests  are 
C3.)  Global  maps  of  the  vegetation  cover  were  used  to  select  those 
areas  covered  with  non-forest  vegetation  types,  which  could 
possibly  be  C4.  These  areas  are  shown  in  grey  (light  or  dark)  in 
Figure  1.  Second,  Collatz  made  use  of  computer  maps  of  climatic 
data  to  construct  a  map  of  regions  having  temperature  and 
moisture  regimes  that  should  favor  C4  species.  The  underlying 
hypothesis  was  that  the  balance  between  C3  and  C4  species  in 
grasslands  is  primarily  determined  by  competition  influenced  by 
temperature  during  the  season  of  active  growth.  Climatic  criteria 
were  selected  by  trial  and  error  starting  from  local-scale, 
comparative  physiological  and  ecological  studies  of  C3  and  C4 
species  in  the  literature.  These  criteria  were  used  to  construct  maps 
which,  in  turn,  were  compared  to  the  proportion  of  C4  species  in  the 


Fig.  1.  Global  map  showing  grassland  areas  (light  or  dark  grey).  Those  areas  are 
subdivided  on  climatic  criteria  into  zones  that  should  be  dominated  by  C4  species 
(dark  grey)  and  zones  dominated  by  C3  species  (light  grey). 


floras  of  several  "training"  areas.  Collatz  found,  for  example,  that 
the  border  between  C3-  and  C4-dominated  grasslands  is 
approximated  by  areas  having  at  least  25  mm  of  precipitation  and  a 
mean  temperature  in  excess  of  22  °C  during  at  least  one  month. 
Thus  defined,  the  dark-grey  areas  of  Figure  1  should  be  C4,  while 
the  light-grey  areas  should  be  C3.  Agreement  was  observed  where 
gradation  from  C4  to  C3  grasslands  have  been  studied  in  Africa, 
North  America,  and  South  America.  About  17%  of  the  total  land 
area  is  covered  by  C4  plants,  and  according  to  this  analysis,  about 
30%  of  total  global  photosynthesis  is  accomplished  by  C4  plants. 

Results  of  Simulations  of  Global  Photosynthesis 

This  year  we  obtained  the  first  long-term  simulations  from  the 
Colorado  State  University  general  circulation  model  (GCM) 
containing  our  photosynthesis  models.  Figure  2  shows  a  plot  of 
gross  primary  productivity,  GPP  (i.e.,  gross  photosynthetic  carbon 
uptake,  expressed  as  kg  C  m2  year1).  The  most  productive  areas, 
taking  up  in  excess  of  3  kg  rrr2  year-1,  are  all  in  the  tropics,  and 
most  are  dominated  by  C4  species.  The  extensive  areas  of  tropical 
rain  forests  also  have  high  productivity.  Temperate  areas,  because 
of  their  shorter  growing  season,  have  lower  productivity.  The 
simulated  total  global  GPP  of  the  land  area  comes  to  about  115  x 
1015  g  per  year.  These  simulations  are  driven  by  climate  and  by 


Fig.  2.  Global  map  showing  the  seasonal  total  of  photosynthetic  CO2  uptake 
(gross  primary  productivity,  GPP)  simulated  by  the  Colorado  atmospheric 
general  circulation  model  containing  our  model  for  photosynthetic  physiology. 


satellite  measurements  of  the  vegetation  density  over  the  globe. 
These  are  the  first  general  circulation  model  simulations  to  provide 
estimates  of  global  photosynthetic  activity. 

Are  the  Simulations  Realistic? 

One  of  the  problems  at  hand  now  is  to  evaluate  the  simulations. 
Do  they  make  sense,  and  can  they  be  verified?  Until  recently,  GPP 
could  only  be  measured  on  small-scale  systems  that  could  be 
enclosed  for  studies  of  gas  exchange.  Now,  atmospheric  turbulence 
studies  have  progressed  to  the  point  where  it  is  practical  to  monitor 
the  exchange  of  CO2  from  a  land  area  of  several  km2  continuously 
over  a  year,  keeping  track  of  the  total  integrated  uptake  and  release 
of  C02.  This  year,  Steven  Wofsy  and  co-workers  at  Harvard 
University  reported  the  first  such  long-term  study  of  a  forested 
area.  By  taking  advantage  of  the  separation  of  photosynthesis  and 
respiration  in  the  diurnal  cycle  (photosynthesis  and  respiration 
occur  together  in  the  day  and  respiration  occurs  alone  at  night), 
they  were  able  to  obtain  an  estimate  of  the  yearly  integrated  GPP  in 
that  forested  site  of  1.2  kg  C  m-2  y_1.  This  is  almost  identical  to  the 
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Fig.  3.  A  comparison  of  carbon  fluxes  measured  at  a  site  in  the  Harvard  Forest  and 
simulated  in  the  corresponding  atmospheric  global  circulation  model  grid  cell.  (The 
measured  observations  are  from  Steven  Wofsy  and  co-workers  (Science  260, 1314-1317, 
1993).  The  simulated  gross  CO2  uptake  (GPP)  is  taken  directly  from  the  simulations.) 

The  measured  total  GPP  for  the  year  was  1.1  kg  m"2  y"1  carbon,  and  the  average  yield  of 
CO2  per  absorbed  quantum  of  photosynthetically  active  light  was  0.020  mol  mol'1.  The 
simulated  values  are  1.28  kg  m"2  y"1  carbon  and  0.019  mol  mol"1,  respectively.  Simulated 
gross  CO2  release  (Resp.)  and  net  ecosystem  production  (NEP)  were  constrained  to  match 
the  observed  seasonal  accumulation  of  0.21  kg  carbon  m~2  y1  at  the  site. 

simulated  output  from  that  region  in  the  model.  The  agreement 
obtained  is  reassuring,  but  not  as  important  as  the  paradigm 
established  by  Wofsy's  measurements.  It  is  now  clearly  possible  to 
conduct  long-term  observations  in  various  locations  and  of  various 
vegetation  types  to  test  and  improve  models  of  these  key  ecosystem 
processes. 


Short  Reports 


David  C.  Fork:  Cyclic  Electron  Flow  in 
Stressed  Plants 

It  has  been  known  since  its  discovery  by 
Daniel  Arnon  about  forty  years  ago  that 
plants  can  make  ATP  in  the  light  by  cyclic 
electron  transport  even  though  CO2  is  not 
fixed  and  O2  is  not  evolved.  It  had  long 
been  supposed  that  this  cyclic  photophos- 
phorylation  provides  an  essential  portion  of 
the  ATP  that  is  needed  for  the  fixation  of 
carbon  dioxide  into  sugars  and  other 
photosynthetic  end  products.  This  idea  has 
recently  come  into  question;  it  now  appears 
likely  that  cyclic  electron  transport  and  its 


attendant  cyclic  photophosphorylation  play 
other  critical  roles  in  green  plant  metabo- 
lism. Our  group  and  others  elsewhere  have 
seen  that  cyclic  electron  flow  is  resistant  to 
salt  and  heat  stress  in  plants,  as  well  as  to 
the  photoinhibition  which  occurs  when  ex- 
cess light  damages  the  photosynthetic  ap- 
paratus itself. 

Cyclic  electron  flow  is  difficult  to 
measure  in  vivo  in  plants  but  fortunately 
can  be  measured  readily  using  the 
photoacoustic  technique  (Year  Book  90,  pp. 
100-106),  which  depends  upon  the  produc- 
tion of  sound  waves  in  plants  illuminated 
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with  intermittent  light. 

Stephen  Herbert  and  David  Fork  have 
recently  found  that  the  cyclic  electron 
transport  part  of  photosynthesis  increases 
more  than  three-fold  in  cultures  of 
cyanobacteria  that  were  chronically  photoin- 
hibited.  It  may  be  that  cyclic  electron 
transport  maintains  a  trans-thylakoid 
proton  gradient  under  stressful  conditions 
when  this  is  impossible  to  do  via  normal 
photosynthesis.  Thus  in  plants  suffering 
from  saline  stress  or  from  severe  drought 
where  stomates  are  closed  to  conserve 
water,  where  little  normal  photosynthesis 
would  occur,  the  establishment  of  a  proton 
gradient  by  cyclic  electron  flow  would 
allow  excess  light  reaching  the  sensitive 
photosystem  II  to  be  degraded  harmlessly 
as  heat,  thereby  avoiding  permanent 
damage  to  the  photosynthetic  system  by 
sunlight. 

It  is  also  becoming  apparent  that  cyclic 
electron  flow  can  specifically  energize  ion 
transport  into  or  out  of  cyanobacterial  or 
plant  cells  under  conditions  of  ionic  stress 
such  as  nutrient  deprivation  or  high  exter- 
nal salt  conditions,  as  was  investigated  in  a 
collaboration  between  the  Fork  and 
Grossman  laboratories.  More  study  will 
show  which  of  the  electron  transport  com- 
ponents control  the  maximum  rate  of  cyclic 
electron  flow  and  will  address  the 
mechanisms  of  their  light  regulation. 

In  a  related  experiment,  Guy  Samson 
and  Stephen  Herbert  in  Fork's  lab  col- 
laborated with  Dave  Laudenbach  from 
Grossman's  lab  on  a  project  with  a  mutant 
cyanobacterium  that  lacks  the  enzyme  su- 
peroxide dismutase.  This  enzyme  serves  to 
protect  against  photo-oxidative  damage  in 
this  photosynthetic  organism.  In  experi- 
ments done  last  year  (Year  Book  91,  p.  118) 
they  found  that  Photosystem  I,  which 
drives  cyclic  electron  flow,  was  photoin- 
hibited  more  severely  in  the  mutant  than  in 
the  wild-type  strain  upon  exposure  to  high 
light  intensities.  In  the  present  experiments, 
they  found  that  the  mutant  increased  the 
components  of  Photosystem  I  in  relation  to 


those  of  Photosystem  II,  apparently  to  com- 
pensate for  the  loss  of  Photosystem  I  ef- 
ficiency during  growth  under  unfavorably 
high  light  intensities. 

Tom  Berkelman,  Philip  Garret-Engele, 
Laiqiang  Huang,  and  Neil  Hoffman:  A 
Putative  Ca-ATPase  from  the  Plastid 
Inner  Envelope 

The  inner  envelope  membranes  of  the 
chloloplasts  contain  ion  transporters  that 
maintain  the  ionic  composition  of  the 
stroma  inside.  A  number  of  cations  such  as 
Mg2+,  Ca2+,  H+,  and  K+  are  transported 
across  the  envelope  and  are  important  in 
regulating  metabolic  activity  within.  The 
cation  transporters  of  the  envelope  have  not 
been  characterized  in  much  detail,  and  no 
structural  information  is  known  about  these 
proteins.  We  have  isolated  a  gene,  designed 
PEA1,  that  encodes  a  P-type  ATPase  local- 
ized in  the  inner  envelope.  P-type  ATPases 
are  a  family  of  related  proteins  all  of  which 
transport  cations.  PEA1  most  strongly 
resembles  Ca2+- ATPases;  however  we  have 
been  unable  to  measure  Ca2+-ATPase  ac- 
tivity in  isolated  chloroplasts. 

Instead  we  are  attempting  to  study 
PEA1  in  the  blue-green  alga  Synechococcus 
sp.  Strain  PCC  7942.  It  is  widely  accepted 
that  the  cytoplasmic  membrane  of  blue- 
green  algae  and  the  inner  envelope 
membrane  of  plastids  are  derived  from  a 
common  progenitor  and  hence  are  related 
in  lipid  and  protein  composition.  Thus  we 
are  optimistic  that  at  least  some  transporters 
of  the  two  membrane  systems  will  be 
similar  and  functionally  interchangeable. 
We  have  now  cloned  two  P-type  ATPases 
from  Synechococcus. 

We  also  found  that  cytoplasmic 
membranes  from  Synechococcus  contain 
Ca2+-stimulated  ATPase  activity  and  can 
transport  Ca2+  in  an  ATP-dependent 
fashion.  Disruption  of  one  of  the  genes 
abolishes  both  Ca2+-ATPase  and  Ca2+ 
transport  activity.  Therefore  one  of  the 
Synechococcus  genes  we  cloned  encodes  a 
Ca2+- ATPase.  We  will  address  whether 
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PEA1  also  encodes  a  Ca2+-ATPase  by  testing 
whether  PEA1  can  restore  activity  to  the 
Ca2+-ATPase  mutant.  Presently  there  are 
only  hints  that  Ca2+  influences  chloroplast 
metabolism  and  plays  a  regulatory  role  in 
cyanobacteria.  We  will  also  use  the  mutant 
strain  to  study  whether  the  Ca2+-ATPase 
plays  a  role  in  regulating  cytosolic  Ca2+ 
levels.  If  so,  we  will  be  able  to  assess  the  im- 
portance of  Ca2+  in  regulating  metabolic  ac- 
tivity in  the  cytosol  of  cyanobacteria  and  in 
the  stroma  of  higher  plant  chloroplasts. 

Winslow  R.  Briggs:  The  Transduction 
of  Blue-Light  Signals 

Blue  light  induces  a  wide  range  of 
developmental  and  other  responses  in 
higher  plants,  mediated  almost  certainly  by 
several  different  blue-light  photoreceptors. 
In  the  past  few  years,  we  have  been  study- 
ing the  blue-light-activated  phosphoryla- 
tion of  a  fairly  large  protein  located  in  the 
outer  membrane  of  cells  located  within  blue- 
light-sensitive  regions  of  plant  organs. 
(Phosphorylation  is  a  well-known  mech- 
anism by  which  protein  function  is  regu- 
lated.) 

Former  graduate  student  Timothy  Short 
and  current  postdoctoral  fellow  Julie  Pal- 
mer have  shown  that  there  is  a  very  close 
correlation  between  the  properties  of  the 
light-induced  phosphorylation  and  the 
phenomenon  of  phototropism — the  growth 
of  plants  toward  a  blue-light  source.  The 
reaction  is  sufficiently  fast,  occurs  in  the 
photoresponsive  tissue,  shows  the  same 
dark  adaptation  kinetics  as  phototropism, 
and  has  exactly  the  same  photosensitivity. 
Short,  former  postdoctoral  fellow  Philippe 
Reymond,  and  visiting  Michigan  State 
University  scientist  Kenneth  Poff  showed 
that  a  mutant  of  the  currently  popular 
model  plant  Arabidopsis  thaliana,  known  to 
be  deficient  in  its  phototropic  sensitivity,  is 
likewise  deficient  in  light-induced  phos- 
phorylation. Recently  postdoctoral  fellow 
Emmanuel  Liscum  has  shown  that  a  protein 
present  in  the  wild  type  seems  to  be  com- 


pletely missing  from  the  mutant.  Thus  we 
have  not  only  powerful  genetic  evidence  to 
back  up  the  physiological  correlations  that 
indicate  that  the  phosphorylation  is  in- 
volved in  phototropism,  but  an  elegant  sys- 
tem in  which  to  isolate  and  characterize  the 
protein  and  its  gene.  Meanwhile,  postdoc- 
toral fellow  Paul  Oeller  is  making  excellent 
progress  in  purifying  sufficient  quantities  of 
the  photoactive  protein  to  obtain  antibodies, 
and  Feodor-Lynen  Fellow  Ewald  Fernbach, 
visiting  from  Germany,  has  shown  that  the 
phosphorylation,  occurring  on  a  large  num- 
ber of  serines  in  each  protein  molecule,  is  a 
random  rather  than  an  ordered  process. 

There  have  to  be  a  minimum  of  three  en- 
tities to  carry  out  the  reaction:  a  photorecep- 
tor, a  protein  kinase  (an  enzyme  that 
actually  carries  out  the  phosphorylation), 
and  a  substrate  for  the  phosphorylation. 
Our  current  working  hypothesis  is  that  a 
single  protein  encompasses  all  three  func- 
tions. We  know  that  the  substrate  protein 
(the  one  identified  by  Liscum)  will  bind 
ATP  (see  Year  Book  90,  p.  107),  consistent 
with  a  possible  role  as  a  kinase.  We  also 
know  that  the  system  can  be  activated  by 
light  following  solubilization  in  mild  deter- 
gent. Clearly  if  more  than  one  protein  is  in- 
volved, the  elements  must  be  tightly 
associated  in  such  a  way  that  the  detergent 
treatment  does  not  at  all  interfere  with  their 
functional  relationship.  Even  more  impres- 
sive is  postdoctoral  fellow  Katherine 
Warpeha's  observation  that  one  can 
electrophorese  plasma  membrane  proteins 
on  a  non-denaturing  gel,  and  still  potentiate 
phosphorylation  by  irradiating  the  gel  and 
incubating  it  in  ATP.  Again,  if  the  system  in- 
volves a  protein  complex,  the  elements  can 
not  only  survive  solubilization  but  also  high- 
voltage  electrophoresis.  We  hope  to  be  able 
to  resolve  the  question  of  the  number  of 
proteins  involved  and  report  on  the  amino- 
acid  sequence  at  least  of  the  substrate  next 
year.  Sequence  information  could  provide 
important  leads  as  to  possible  precise  func- 
tion. 
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Geophysical  Laboratory 


The  Director's  Introduction 

During  the  latter  part  of  1992,  staff  members  of  the  Geophysical 
Laboratory  prepared  a  long-range  plan  describing  our  current 
thinking  about  the  role  the  Lab  should  play  in  today's  scientific 
arena  and  how  it  might  evolve  in  coming  years.  This  report 
contains  introductory  material  adapted  from  the  long-range  plan, 
followed  by  topical  essays  and  short  reports  written  by  staff 
members,  postdoctoral  fellows  and  associates,  and  visiting 
investigators. 

Scientific  progress  is  measured  not  so  much  by  the  well-studied 
questions  that  we  have  learned  to  answer,  but  rather  by  the  new 
questions  that  we  learn  to  ask.  The  tradition  of  the  Carnegie 
Institution  of  Washington  has  always  been,  and  must  continue  to 
be,  to  ask  bold  questions  that  no  one  has  asked  before.  The  most 
exciting  new  questions  often  arise  at  the  interfaces  between 
traditional,  established  disciplines,  and  so  it  has  been  at  the 
Geophysical  Laboratory.  From  the  very  beginning,  Geophysical 
Laboratory  scientists  have  explored  the  implications  of  applying 
new  physical  and  chemical  principles  to  the  most  complex  of 
physical  systems. 

The  future  of  the  Geophysical  Laboratory  lies  in  the  talents  of 
our  individual  scientists,  yet  our  separate  endeavors  are  linked  by  a 
few  fundamental  questions: 

•What  is  the  nature  and  origin  of  the  chemical  and 
physical  structures  that  characterize  the  Earth? 

•What  chemical  and  physical  processes  contribute  to 
the  Earth's  present  dynamic  state? 

•What  can  chemical  and  physical  studies  of  the  Earth 
and  planets  tell  us  about  our  planet's  ancient  past,  as  well 
as  its  uncertain  future? 
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•How  do  the  macroscopic  properties  of  crystals  and 
melts  arise  from  the  microscopic  interactions  among 
atoms  and  electrons? 

•What  happens  to  organic  material  as  it  enters  the 
cycle  of  rock-forming  processes? 

•What  can  we  learn  from  molecular  fossils  that  retain 
the  biochemical  and  isotopic  signatures  of  past  life? 

Thus,  while  the  work  of  the  Geophysical  Laboratory  is  in  one 
sense  the  sum  of  the  individual  efforts  of  approximately  thirty 
scientists,  it  is  also  something  more.  It  is  science  at  the  boundaries, 
science  that  might  not  be  supported  in  a  traditionally  sectored 
academic  environment.  Four  broad  areas  of  research  encompass 
virtually  all  of  our  efforts,  and  they  allow  us,  a  small  group,  to  exert 
a  disproportionate  influence  on  the  direction  and  pace  of  discovery 
in  the  earth  sciences. 

Biogeochemistry:  Life  and  the  Geological  Cycle.  Biogeochemistry 
has  provided  a  new  way  of  looking  at  the  nature  of  ancient  life  on 
Earth.  Traditionally,  paleontology  has  depended  on  an  examination 
of  the  morphology  of  fossil  remains  and  their  relations  to 
surrounding  geological  strata.  Biogeochemists  at  the  Geophysical 
Laboratory  have  shown  that  the  accurate  measurement  of  the 
molecular  and  isotopic  composition  of  the  products  of  ancient  life 
gives  us  entirely  new  perspectives  on  past  life.  Starting  with 
virtually  a  zero  data  base  forty  years  ago,  the  members  of  the 
biogeochemistry  program  at  the  Geophysical  Laboratory  have  been 
in  the  forefront  of  this  growing  field.  They  have  examined  such 
diverse  questions  as  the  paleobiochemistry  of  proteins,  the 
antiquity  of  photosynthesis,  and  the  carbon  dioxide  content  of 
ancient  atmospheres.  By  examining  the  evolution  of  ancient 
environments,  their  biogeochemical  research  also  addresses  timely 
questions  bearing  on  the  impact  of  human  activities  on  the  present 
environment. 

Petrology:  The  Origin  and  Evolution  of  Rocks.  We  live  on  the 
actively  changing  surface  of  a  dynamic  planet  upon  which  we  must 
depend  for  sustenance  and  raw  materials.  Since  earliest  times 
humans  have  known  of  Earth's  dynamism  from  the  devastation  of 
earthquakes  and  volcanoes,  but  it  was  not  until  the  discovery  of 
plate  tectonics  that  a  deeper  glimpse  was  gained  of  the  processes 
controlling  Earth's  crust.  Gaining  an  understanding  of  these 
processes  and  achieving  the  ability  to  locate  new  chemical 
resources  and  predict  crustal  events  become  increasingly  important 
as  human  population  pressure  demands  more  and  more  from  the 
Earth. 
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Petrology  holds  a  key  to  understanding  global  cycles  of  matter 
and  energy  operating  within  the  Earth.  Geophysical  Laboratory 
experimentalists,  who  helped  merge  traditional  descriptive 
petrology  with  physical  chemistry  early  in  this  century,  have 
continued  to  play  central  roles  in  interpreting  the  diversity  of 
igneous  and  metamorphic  rocks. 

Earth  and  Planetary  Interiors:  Materials  at  High  Pressure.  We  are 
now  in  a  watershed  era  in  studies  of  the  interiors  of  the  Earth  and 
other  planets,  thanks  in  particular  to  recent  advances  in 
high-pressure  techniques.  For  the  first  time  we  can  simulate  in  the 
laboratory  the  entire  pressure-temperature  range  of  the  Earth's 
interior,  from  the  crust  to  the  core's  center. 

The  Geophysical  Laboratory,  which  has  played  a  central  role  in 
the  development  of  high-pressure  research,  is  now  uniquely 
positioned  to  take  advantage  of  this  burgeoning  new  field  of 
physical  science.  Pressure,  temperature,  and  composition  are  the 
three  dominant  parameters  that  control  the  properties  of  all 
materials.  Effects  of  pressure,  however,  are  far  less  well  studied 
than  temperature  (cryogenic  physics,  high-temperature  physics, 
ceramics,  and  metallurgy)  or  composition  (chemistry).  Unlike 
research  in  chemistry,  ceramics,  and  metallurgy,  which  are  as  old  as 
civilization,  studies  even  of  modest  pressures  of  less  than  100,000 
atmospheres  (10  GPa)  have  been  possible  only  since  the  1950's. 
Dramatic  advances  in  the  past  decade  have  firmly  established 
experimental  capabilities  in  the  range  of  millions  of  atmospheres  — 
an  environment  that  induces  changes  in  physical  properties 
comparable  to  the  full  range  of  possible  temperatures  and 
compositions. 

The  challenge  before  us  now  is  the  application  of  new  analytical 
techniques  to  measure  physical  and  chemical  properties  of 
materials  under  these  extreme  conditions,  and  to  apply  these 
measurements  to  models  of  earth  and  planetary  interiors. 

Fundamental  Physics  of  Materials.  Modern  mineralogy  is  now 
part  of  the  broad  study  of  natural  and  synthetic  materials,  their 
structures,  their  dynamic  behavior,  and  the  microscopic  origins  of 
their  structures  and  behavior.  Our  research  on  the  interior  of  the 
Earth  and  planets  has  inevitably  led  to  more-fundamental  studies 
of  materials  and  their  properties.  Geophysical  Laboratory  scientists, 
who  established  new  temperature  scales,  synthesized  new  kinds  of 
optical  glass,  and  developed  new  steel  alloys,  have  long  merged 
earth  materials  science  with  a  broader  materials  science  perspective. 

Research  based  on  the  interaction  of  computational  mineralogy, 
condensed-matter  physics,  and  high-pressure  experiments  is 
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providing  new  information  on  how  earth  materials, 
superconductors,  and  ferroelectrics  behave  under  a  variety  of 
conditions.  Laboratory  experiments  and  theoretical  calculations 
that  seemed  far  out  of  our  reach  only  a  few  years  ago  are  becoming 
almost  routine,  and  the  Geophysical  Laboratory  is  very  much 
involved  in  this  kind  of  activity 

Planning  the  Future 

Under  most  circumstances,  changes  in  research  priorities  at  the 
Geophysical  Laboratory  will  be  evolutionary,  guided  by  the  vision 
of  its  scientists — by  breakthroughs  and  the  unexpected 
opportunities  they  provide — rather  than  by  an  imposed  agenda. 
Nevertheless,  we  must  be  opportunistic  in  our  research,  promptly 
exploiting  promising  new  directions  wherever  they  may  lead. 

Perhaps  the  most  fruitful  opportunities  that  we  intend  to 
examine  in  depth  in  the  next  five  years  relate  to  the  rarely  explored 
interfaces  between  our  broad  areas  of  study.  Interestingly,  each  of 
the  four  research  programs  described  above — biogeochemistry, 
petrology,  mineral  physics,  and  physics  of  materials — arose  from 
the  marriage  of  previously  distinct  disciplines.  Now  these  are  all 
well-established,  dynamic  areas  of  research  wherein  many  groups 
around  the  world  join  the  Geophysical  Laboratory  in  asking  and 
answering  the  right  questions. 

— Charles  T.  Prewitt 


Chemical  Clocks  and  Thermometers:  Diagenetic 
Reactions  of  Amino  Acids  in  Fossils 

by  P.  E.  Hare,  Glenn  A.  Goodfriend,  Alison  S.  Brooks,  Julie  E.  Kokis, 

and  David  W.  Von  Endt 

Chemical  reaction  rates  vary  dramatically  with  temperature. 
Some  chemical  reactions  proceed  very  slowly  at  ambient 
temperatures,  reaching  completion  only  after  thousands  or  millions 
of  years.  The  degree  of  progress  in  these  reactions  may  be  used  for 
dating  or  for  determining  the  temperature  history  of  a  sample  over 
a  wide  range  of  time  scales,  if  the  reactants  as  well  as  their  products 
are  preserved.  Research  at  the  Geophysical  Laboratory  in  the  1950's 
and  1960's  showed  that  amino  acids  are  often  preserved  in  fossils 
and  represent  one  of  the  most  abundant  classes  of  compounds 
preserved.  The  calcium  carbonate  matrix  of  mollusk  shells  and  bird 
eggshells  seals  in  and  preserves  proteins,  as  well  as  the  amino  acids 
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which  result  from  hydrolysis  of  these  proteins  (Fig.  1),  so  that  they 
may  be  retained  for  long  periods  of  time.  Organic  matter  in  bones  is 
rather  less  well  preserved,  due  to  the  porous  nature  of  bone 
microstructure. 

Among  the  diagenetic  reactions  (long-term  chemical  changes) 
of  amino  acids  in  fossils,  racemization  has  received  by  far  the  most 
study.  Racemization  involves  a  reconfiguration  of  the  amino  acid's 
chemical  structure:  The  naturally  occurring  L-form  of  the  amino 
acid  is  slowly  converted  into  its  mirror  image  D-form  (Fig.  2),  up  to 
an  equilibrium  ratio  of  D/L=l.*  The  measurement  of  the  D/L  ratio 
of  amino  acids  in  fossils  thus  gives  an  indication  of  their  age.  This 
idea  was  first  developed  and  applied  at  the  Geophysical  Laboratory 
in  the  late  1960's  by  Hare  and  R.  M.  Mitterer  (now  at  the  University 
of  Texas  at  Dallas). 


*In  a  few  naturally  occurring  amino  acids,  such  as  isoleucine,  this  reconfiguration  of 
the  molecule  produces  a  D-form  which  is  not  a  mirror  image  of  the  L-form;  for 
isoleucine,  equilibrium  is  reached  at  a  D/L  value  of  1.3. 
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Fig.  3.  Schematic  representation  of  the  sequence  of  Middle  Stone 
Age  (MSA)  and  Late  Stone  Age  (LSA)  horizons  at  Klasies  River 
Mouth,  Republic  of  South  Africa,  showing  amino  acid  age 
estimates  and  locations  of  human  fossil  remains. 


Since  its  development,  the  method  has  been  widely  applied  to 
the  dating  of  Pleistocene  (ice  age)  marine  deposits.  Studies  on  the 
chronology  of  marine  terraces  using  amino  acid  racemization  have 
been  carried  out  widely,  from  northern  Canada  to  southern  Florida, 
from  the  north  coast  of  Alaska  to  southern  California,  in  Europe 
from  Norway  to  Spain  and  Mallorca,  and  also  in  tropical  regions. 
Amino  acid  racemization  dating  is  particularly  important  in  the 
study  of  the  chronology  of  marine  deposits  and  their  relationship  to 
global  sea-level  fluctuations  during  the  two-million-year  period  of 
the  Pleistocene,  since  few  other  methods  are  available  for  dating 
beyond  the  range  of  radiocarbon  (about  45,000  years  ago). 

Recently,  racemization  in  ostrich  eggs  has  been  used  by  our 
research  group  and  our  collaborator  G.  H.  Miller  (at  the  University 
of  Colorado  at  Boulder)  for  dating  hominid  sites  in  Africa. 
Racemization  provides  dating  for  the  critical  period  of  human 
evolution  when  archaic  Homo  sapiens  evolved  into  modern  Homo 
sapiens,  a  period  beyond  the  range  of  radiocarbon  dating.  In 
southern  Africa,  we  have  shown  that  the  oldest  anatomically 
modern  human  fossils  from  a  secure  stratigraphic  context  (at 
Klasies  River  Mouth)  date  to  between  110,000  and  125,000  years  ago 
(Fig.  3).  More-complete  remains  of  anatomically  modern  humans 
are  known  from  Israel,  and  have  been  thought  to  be  representative 
of  a  single  population;  our  results  on  associated  ostrich  eggshell, 
however,  indicate  that  this  sample  may  span  some  tens  of 
thousands  of  years.  Finally,  the  oldest  artifacts  in  the  human  record 


Fig.  4.  The  extinct  Madeiran  land  snail  Geomitra  delphinula. 

that  suggest  the  evolution  of  an  abstract,  symbolic  capability  are 
beads.  These  were  thought  to  appear  first  in  Europe  around  35,000 
years  ago;  our  work  has  pushed  the  date  of  the  oldest  beads,  made 
of  ostrich  eggshell,  to  at  least  40,000-45,000  years  ago  in  Africa. 

Radiocarbon  dating  also  has  a  younger  limit  of  applicability:  it 
gives  little  or  no  age  resolution  in  samples  younger  than  about  350 
years.  This  is  due  to  large  fluctuations  in  the  concentration  of  14C  in 
the  C02  of  the  atmosphere  (which  is  in  part  a  result  of  dilution  from 
burning  of  fossil  fuels  over  the  last  two  centuries).  Amino  acid 
racemization  techniques  for  dating  within  this  very  young  time 
range  have  also  been  developed  recently  by  Goodfriend,  utilizing 
the  rapidly  racemizing  amino  acid  aspartic  acid.  Using  this 
technique,  age  resolution  on  the  order  of  a  decade  can  be  obtained 
for  samples  dating  to  the  last  few  centuries.  In  warmer  areas,  where 
racemization  is  relatively  rapid,  even  slower  racemizing  amino 
acids  can  be  used  for  dating  over  this  period.  These  methods  have 
recently  been  applied  to  determining  the  chronology  of  extinctions 
of  various  species  of  land  snails  endemic  to  the  island  of  Madeira 
(in  the  eastern  Atlantic),  following  settlement  of  the  island  in  the 
15th  century.  Among  the  victims  of  the  ensuing  habitat  destruction 
was  the  extinct  Madeiran  endemic  Geomitra  delphinula  (Fig.  4),  of 
which  living  specimens  have  never  been  found.  Aspartic  acid 
racemization  is  currently  being  used  to  date  the  demise  of  relict  salt 
marshes  along  the  Georgia  coast,  which  occurred  during  the  last 
two  centuries.  In  cores  from  Lake  Titicaca,  high  in  the  Bolivian 
Andes,  aspartic  acid  racemization  is  being  used  to  date  the  period 
following  European  contact,  in  order  to  reconstruct  climatic 
changes  and  document  agricultural  practices  as  evidenced  by  the 
input  of  sediments  to  the  lake. 

The  strong  dependence  of  racemization  rate  on  temperature  can 


84  CARNEGIE  INSTITUTION 

sometimes  present  problems  in  dating.  In  order  to  use  racemization 
for  dating,  an  estimate  of  the  racemization  rate  must  be  obtained, 
usually  by  calibration  against  some  other  method,  such  as 
radiocarbon.  However,  if  the  average  temperature  history  of  this 
calibration  sample  is  different  from  that  of  the  sample  to  be  dated, 
some  correction  for  the  temperature  difference  must  be  made.  This 
is  often  problematic,  since  large  fluctuations  in  temperature 
occurred  during  the  Pleistocene  and  these  are  not  well  documented 
quantitatively.  In  our  studies  on  Pleistocene  ostrich  eggshell,  we 
generally  use  calibration  samples  in  the  20,000-35,000-year  range. 
Temperature  histories  of  these  samples  span  both  the  Holocene* 
and  the  glacial  maximum,  and  are  thus  more  representative  of 
average  Pleistocene  temperatures. 

However,  this  temperature  dependence  of  racemization  rate 
also  has  a  positive  aspect:  It  makes  possible  the  use  of  amino  acid 
racemization  for  paleotemperature  analysis.  If  the  ages  of  two 
samples  from  the  same  area  are  known,  then  from  the  difference  in 
their  racemization  rates,  it  is  possible  to  calculate  the  difference  in 
their  average  temperature  histories.  From  this,  paleotemperatures 
for  the  different  periods  can  be  estimated.  This  method  has  recently 
been  applied  by  Goodfriend  and  Mitterer  to  Pleistocene  and 
Holocene  land  snail  shells  in  a  cave  in  Jamaica.  They  were  able  to 
show  that  during  the  late  Pleistocene,  when  an  ice  sheet  in  the 
Northern  Hemisphere  extended  far  to  the  south  into  what  is  now 
the  northern  U.  S.,  the  tropics  also  experienced  considerably  cooler 
temperatures.  Similar  studies  have  also  been  carried  out  by  others 
in  Scotland  and  in  the  midwestern  U.  S.  It  has  also  been  possible  to 
study  north-south  temperature  gradients  in  the  past  by 
determining  variations  in  racemization  rates  with  latitude. 

But  what  if  neither  the  temperature  history  nor  the  age  of  a 
fossil  is  known?  Is  it  still  possible  to  date  the  fossil  or  to  determine 
its  temperature  history?  Research  is  currently  being  directed 
toward  a  solution  to  this  problem,  exploiting  the  differences  in  the 
temperature  dependence  among  various  diagenetic  reactions.  The 
activation  energy  is  the  parameter  that  characterizes  the  amount  by 
which  a  reaction  rate  increases  per  unit  increase  in  temperature. 
Because  some  diagenetic  reactions  have  rather  different  activation 
energies,  it  should  be  possible  to  solve  for  both  the  age  and  the 
average  temperature  history  of  a  fossil  by  looking  at  the  degree  of 
progress  of  two  or  more  of  these  reactions.  Activation  energies  for 
racemization  of  the  various  amino  acids  are,  unfortunately,  all 
rather  similar,  in  the  range  of  approximately  26-31  kcal/mol.  But 
hydrolysis  reactions  (the  breaking  apart  of  proteins  into  individual 


The  warm  period  of  the  last  10,000  years,  following  the  end  of  the  Pleistocene. 


Examining  ostrich  and  emu  eggs,  left  to  right:  Alison  Brooks,  David  Von  Endt,  Julie 
Kokis,  Glenn  Goodfriend,  and  Ed  Hare. 

free  amino  acids;  Fig.  1)  have  lower  activation  energies  (-20-26 
kcal/mol).  Other  reactions  such  as  deamination  and 
decarboxylation  have  higher  activation  energies,  -40  kcal/mol. 
Factors  such  as  the  availability  of  water  are  currently  being  studied 
under  laboratory  conditions  in  order  to  assess  their  effect  on 
reaction  kinetics. 

The  variation  in  activation  energies  among  various  diagenetic 
reactions  currently  allows  objective  identification  of  fossil  samples 
that  have  been  subjected  to  non-ambient  temperatures  (e.g.,  heated 
in  campfires).  Samples  with  anomalously  high  racemization  ratios 
can  result  either  from  stratigraphic  admixture  or  from  heating,  an 
important  distinction  for  the  archaeologist.  For  example,  at  the 
southern  African  site  of  Boomplaas,  eggshell  fragments  from  near 
the  top  of  the  sequence,  just  below  the  first  evidence  for  sheep  in 
the  area  (about  2000  years  ago)  are  more  racemized  than  those  from 
the  bottom  of  the  sequence  dating  to  about  80,000  years  ago. 
However,  on  the  basis  of  the  degree  of  diagenetic  alteration  of  the 
amino  acids  to  amines  and  ammonia,  the  anomalously  high  ratios 
were  shown  to  be  due  to  heating,  possibly  from  burning  of  sheep 
dung  in  the  overlying  level. 

Some  slowly  occurring  diagenetic  reactions,  such  as 
deamination,  may  provide  a  means  for  dating  ancient  fossils  (on  the 
order  of  millions  to  tens  of  millions  of  years  old)  in  which 
racemization  has  already  reached  equilibrium.  But  is  the  original 
organic  matter  preserved  in  these  ancient  fossils  or  do  the  low 
levels  of  amino  acids  found  in  them  represent  more-recent 
contamination?  Understanding  the  diagenetic  reactions  of  proteins 
and  amino  acids  in  fossils  and  the  conditions  under  which  such 
materials  are  preserved  will  allow  us  to  predict  the  types  of 
environments  that  are  most  likely  to  preserve  a  record  of  the 
organic  chemistry  of  ancient  organisms. 
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Assessing  the  Hydrogen  Content  of  the  Earth 

by  Charles  Meade 

Water  is  ubiquitous  in  our  environment,  and  it  fundamentally 
influences  all  geologic  processes  that  occur  near  the  Earth's 
surface.  Could  water  also  play  an  important  role  in  the  chemistry  of 
the  entire  planet,  throughout  the  mantle  and  core? 
Exciting  new  measurements  on  deep-mantle  minerals 
at  the  Geophysical  Laboratory  are  providing  answers 
to  this  question  with  important  implications  for  our 
understanding  of  the  hydrogen  budget  of  the  Earth. 

Although  we  often  think  of  hydrogen  as  a 
component  of  the  oceans  and  atmospheres,  it  also 
occurs  in  natural  minerals  as  the  result  of  chemical 
reactions  between  water  and  rocks.  Hydrogen  (H+) 
ions  from  H2O  are  extremely  mobile,  and  unlike 
other  elements,  they  dramatically  alter  the  physical 
properties  of  the  host  minerals.  For  example,  adding 

minute  amounts  of  water  to  silicates  can  change  the  Charles  Meade 

viscosity  and  electrical  conductivity  by  orders  of 
magnitude  and  decrease  the  melting  temperatures  by  hundreds  of 
degrees.  For  many  years,  there  has  been  great  interest  in  assessing 
the  impact  of  these  types  of  reactions  on  geologic  processes  in  the 
Earth's  crust  (e.g.  on  the  formation  of  magma  under  volcanoes,  and 
on  weakening  of  rocks  near  seismically  active  faults).  Today,  we  are 
asking  if  hydrogen  may  have  a  similar  strong  influence  on  the 
properties  of  minerals  deep  within  the  Earth's  mantle. 

This  question  is  prompted  by  a  large  number  of  shallow  mantle 
samples  showing  small  amounts  of  hydrogen  bound  within  the 
mineral  structures.  In  some  cases  hydrogen  is  present  within  micas, 
amphiboles,  and  other  natural  hydrogen-bearing  minerals.  Much 
more  commonly,  however,  it  seems  to  be  distributed  as  minute 
impurities,  -10-500  parts  per  million  H20  by  weight,  throughout 
nominally  anhydrous  minerals  such  as  olivine  and  pyroxene.  This 
result  was  obtained  as  part  of  the  graduate  research  of  David  Bell, 
who  is  now  a  postdoctoral  fellow  at  the  Geophysical  Laboratory. 
Notably,  the  trace  quantities  of  hydrogen  that  he  documented  in 
crystalline  samples  are  compatible  with  conclusions  from 
independent  measurements  of  hydrogen  in  melts  from  similar 
depths  in  the  mantle. 

It  is  important  to  note  that  the  "trace"  quantities  of  hydrogen 
observed  in  minerals  can  have  large  consequences  for  the  Earth. 
Concentrations  of  100's  of  ppm  are  small  in  an  absolute  sense,  but 
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when  they  are  summed  over  the  volume  of  all  the  minerals  in  the 
Earth's  mantle  they  represent  a  vast  quantity  of  water  that  is 
roughly  equivalent  to  the  mass  of  the  entire  hydrosphere  at  the 
Earth's  surface  (oceans,  atmosphere,  lakes,  rivers,  and 
groundwater,  i.e.,  -1.6  x  1021  kg).  For  this  reason,  evidence  for  even 
trace  amounts  of  hydrogen  that  can  be  stably  maintained  in  the 
deep  mantle  can  have  important  implications  for  our 
understanding  of  the  chemical  evolution  of  the  Earth  and  its  fluid 
envelope  of  oceans  and  atmospheres.  In  particular,  it  could 
significantly  increase  the  estimates  of  the  total  hydrogen  content  of 
the  Earth,  and  it  would  raise  new  questions  about  the  relationship 
between  the  hydrosphere  and  the  deep  Earth  over  geologic  time. 

Because  hydrogen  is  found  in  minerals  from  shallow  depths  in 
the  Earth,  we  hypothesize  that  it  has  been  mixed  throughout  the 
mantle  by  the  motions  of  thermal  convection  over  geologic  time. 
The  greatest  uncertainty  in  this  proposal  (and  hence  a  critical  test 
for  assessing  it)  is  the  ability  of  lower-mantle  minerals  to 
accommodate  hydrogen  within  their  structures.  For  this  reason,  my 
work  over  the  past  year  has  focused  on  asking  whether  hydrogen 
can  be  stably  bound  within  the  crystal  structure  of  the  major 
anhydrous  phase  of  the  lower  mantle:  MgSiC>3  perovskite  (Fig.  1). 

Extending  from  670  to  2700  km  depth,  the  lower  mantle 
constitutes  the  largest  fraction  of  the  planet  (-55%  by  volume),  and 
consequently,  silicate  perovskite  is  thought  to  be  the  most  abundant 
mineral  in  the  Earth.  Concentrations  of  -700  ppm  H20  over  the 
lower  mantle  would  sum  to  a  mass  greater  than  the  present  oceans. 
Because  natural  samples  from  depths  below  300  km  are 
unobtainable,  experiments  are  necessarily  performed  on  silicate 
perovskite  that  has  been  synthesized  in  the  laboratory. 

From  past  studies,  it  is  known  that  hydrogen  is  not  part  of  the 
normal  crystal  structure  of  perovskite  (see  Fig.  1).  (Note  that  its 
stoichiometric  chemical  composition  is  MgSiOs.)  Thus,  my 
investigation  has  focused  on  hydrogen  that  is  bonded  to  anomalous 
or  "defect"  sites  within  the  crystals.  Such  defects  are  small-scale 


Fig.  1.  The  crystal  structure  of  MgSi03 
perovskite.  The  corner-linked  octahedra  are 
composed  of  six  oxygen  atoms  at  the  vertices 
with  a  silicon  atom  in  the  center.  The  Mg  atom  at 
the  center  of  the  drawing  is  surrounded  by  the 
octahedra.  Infrared  absorption  spectroscopy 
indicates  that  hydrogen  atoms  can  be  bonded 
along  the  edges  of  the  octahedra. 
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modifications  of  the  crystal  structure,  generally  around  impurities 
or  missing  atoms.  Defects  are  present  in  all  materials  in  small 
concentrations,  and  their  population  can  change  dramatically  in 
response  to  pressure,  temperature,  and  the  chemical  environment. 
In  many  cases,  defects  are  associated  with  important  crystal 
properties;  for  example,  the  red  color  of  rubies  is  produced  by 
impurities  of  chromium  atoms  in  AI2O3. 

The  challenge  of  the  experiments  has  been  to  detect  trace 
amounts  of  hydrogen  within  perovskite  and  to  distinguish  it  from 
the  large  amount  of  extraneous  hydrogen  that  pervades  the 
ambient  environment  (e.g.,  in  the  atmosphere,  adsorbed  on 
surfaces,  or  trapped  in  micro  inclusions  within  the  samples).  In 
principle,  microscopic  infrared  absorption  spectroscopy  is  the 
appropriate  technique  for  making  these  determinations.  When 
hydrogen  bonds  to  a  mineral,  the  atomic  vibrations  produce  a 
strong  absorption  feature  to  infrared  light  with  a  wavelength  of 
~3  Jim.  This  absorption  produces  a  peak  in  the  infrared  spectra 
which  is  indicative  of  the  approximate  locations  and  concentrations 
of  the  hydrogen  atoms.  The  difficulty  of  this  method,  however,  is 
that  it  requires  optically  transparent  single  crystals  that  are  larger 
than  50  urn  in  dimension.  Such  samples  of  silicate  perovskite  are 
extremely  difficult  to  grow.  However,  I  was  fortunate  to  obtain 
suitable  crystals  from  the  laboratory  of  our  collaborator  Eiji  Ito  in 
Misasa,  Japan.  His  lab  is  one  of  the  world's  few  facilities  capable  of 
synthesizing  such  specimens  (Fig.  2). 

Figure  3  is  an  infrared  spectrum  from  one  of  the  samples 
showing  the  characteristic  absorption  peak  associated  with  the 
hydrogen  in  the  structure.  Conclusive  evidence  that  this  peak 
originates  from  hydrogen  within  the  crystal  is  provided  by 
measurements  on  samples  of  different  dimensions  and  in  different 
orientations.  For  example,  with  progressively  thicker  crystals  there 
is  a  corresponding  increase  in  the  intensity  of  the  absorption  peak, 


Fig.  2.  Single  crystals  of  MgSi03 
perovskite  used  in  this  study.  The  larger 
is  -100  urn  in  dimension.  These  are 
among  the  largest  crystals  of  perovskite 
ever  synthesized. 
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Fig.  3.  Polarized  infrared  absorption  spectrum  from  the 
smaller  crystal  in  Figure  2.  The  peaks  near  3450  cm-1  are 
produced  by  the  vibrations  of  hydrogen  atoms  bonded 
within  the  crystal  structure. 


indicating  that  it  is  associated  with  bulk  of  the  sample  and  not 
surfaces,  interfaces,  or  water  vapor  in  the  atmosphere.  Similarly, 
changes  in  the  intensity  of  the  peak  as  crystals  are  rotated  in  the 
infrared  beam  show  that  the  absorption  originates  from  features 
within  the  crystal  structure;  it  is  not  from  an  amorphous  fluid 
trapped  within  the  sample.  Thus,  these  measurements  demonstrate 
that  silicate  perovskite  can  accommodate  trace  amounts  of 
hydrogen  within  its  normally  anhydrous  structure. 

The  multiple  nature  of  the  peak  reveals  that  the  hydrogens  sit  in 
at  least  two  closely  related  sites.  The  position  of  the  peak  and  prior 
calibrations  indicate  that  the  hydrogens  are  positioned  between  two 
oxygen  atoms  spaced  ~2.8A  apart.  This  distance  is  close  to  the 
oxygen  separation  in  perovskite,  and  it  strongly  suggests  that 
hydrogens  are  placed  along  the  edges  of  the  octahedra  in  the  crystal 
structure  (Fig.  1).  Because  the  hydrogens  must  be  associated  with 
defects  in  the  perovskite  structure,  it  is  reasonable  to  hypothesize 
that  impurities  in  our  samples  play  an  important  role.  In  fact,  these 
particular  crystals  are  known  to  contain  small  amounts  of 
chromium  as  an  unintentional  impurity.  Some  of  the  chromium 
may  substitute  for  silicon  in  perovskite;  however,  it  will  produce  a 
local  charge  imbalance  because  of  the  different  valence  states  of  Si4+ 
and  Cr3+.  With  such  an  impurity,  substitution  of  hydrogen  could  be 
required  to  stabilize  the  structure  of  perovskite. 

This  mechanism  for  incorporating  hydrogen  has  important 
geologic  implications,  since  the  lower  mantle  probably  contains 
abundant  "impurities"  (such  as  iron,  aluminum,  and  calcium)  that 
will  produce  a  high  density  of  defects  within  the  perovskite 
structure.  Studies  of  silicate  perovskite  with  these  natural 
impurities  will  be  an  important  area  of  future  research.  In  the 
future,  it  will  also  be  important  to  assess  the  hydrogen  content  of 
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perovskite.  Examination  of  the  intensity  of  infrared  absorption 
peaks  in  my  measurements  can  provide  information  about  the 
quantity  of  hydrogen  in  the  samples  if  one  has  an  independent 
calibration.  Such  an  analysis  is  limited,  however,  by  the  extremely 
small  sample  volumes  in  our  experiments,  and  thus  I  have  used 
extrapolations  of  previous  calibrations  for  other  materials  to  assess 
the  hydrogen  concentrations.  This  approach  suggests  that  our 
perovskite  crystals  contain  at  least  -100-300  bonded  hydrogens  for 
every  106  silicon  atoms.  In  absolute  terms,  and  when  compared  to 
other  silicates,  these  are  low  concentrations  of  hydrogen.  If 
averaged  over  the  volume  of  the  lower  mantle,  it  would  represent 
-5%  of  the  mass  of  the  present  oceans. 

It  is  important  to  emphasize,  though,  that  these  measurements 
were  (necessarily)  carried  out  at  ambient  conditions,  which  are  far 
removed  from  the  pressures  and  temperatures  of  the  lower  mantle 
and  the  equilibrium  stability  field  of  silicate  perovskite.  A  number 
of  previous  studies,  and  observations  at  the  Geophysical 
Laboratory,  indicate  that  a  substantial  amount  of  hydrogen  would 
be  lost  from  the  perovskite  structure  upon  quenching  it  over  such  a 
large  range  of  pressures  and  temperatures.  Thus  it  will  be 
important  for  future  studies  to  develop  analytical  techniques  that 
will  allow  in  situ  measurements  of  hydrogen  concentrations  in 
minerals  at  high  pressures  and  temperatures. 

To  apply  these  results  to  the  Earth,  one  asks  if  a  trace  amount  of 
hydrogen  in  silicate  perovskite  is  consistent  with  our 
understanding  of  the  chemistry  of  the  lower  mantle.  Previous 
seismological  studies  have  provided  detailed  information  about  the 
density  structure  of  the  Earth.  Recently  H.  K.  Mao  and  others  at  the 
Geophysical  Laboratory  compared  the  seismic  data  to  experimental 
measurements  of  the  density  of  perovskite  at  high  pressures  and 
temperatures.  In  general,  they  found  that  the  two  are  in  good 
agreement,  indicating  that  silicate  perovskite  is  indeed  probably  the 
predominant  phase  of  the  lower  mantle,  and  therefore  the  most 
abundant  host  for  incorporating  hydrogen  deep  in  the  Earth. 

With  these  recent  results,  there  are  now  potential  mineralogical 
hosts  for  hydrogen  throughout  the  entire  depth  of  the  Earth  (upper 
mantle,  lower  mantle,  and  core).  As  discussed  above,  the 
occurrence  of  hydrogen  in  the  upper  mantle  is  well  established.  In 
the  Earth's  metallic  core,  hydrogen  may  be  incorporated  in  iron 
hydride  (FeHo.94),  a  high-pressure  phase  that  was  discovered  two 
years  ago  by  John  Badding  (now  an  assistant  professor  of  chemistry 
at  Pennsylvania  State  University),  Russell  Hemley,  and  H.  K.  Mao. 
Because  this  is  a  stoichiometric  hydrogen-bearing  compound,  it 
raises  the  possibility  of  storing  vast  quantities  of  hydrogen  in  the 
deepest  regions  of  the  Earth. 
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The  observations  of  hydrogen  in  such  a  wide  range  of  geologic 
materials  has  motivated  us  to  reconsider  how  much  hydrogen  is  in 
the  Earth.  At  present,  estimates  of  this  quantity  are  highly 
uncertain,  and  the  values  range  tremendously.  While  hydrogen  is 
the  most  abundant  element  in  the  solar  system,  and  it  may  have 
been  present  in  large  amounts  during  the  formation  of  the  Earth,  its 
behavior  under  the  probable  conditions  accompanying  Earth 
formation  is  unclear.  Some  have  speculated,  for  example,  that  the 
abundant  meteorite  impacts  early  in  the  Earth's  history  may  have 
volatilized  much  of  the  initial  hydrogen  inventory.  In  such  models, 
the  bulk  of  the  remaining  hydrogen  is  contained  in  the  oceans  and 
atmosphere  at  the  Earth's  surface.  However,  if  hydrogen  is 
pervasive  throughout  the  Earth's  mantle,  the  hydrosphere  may  be 
only  a  fraction  of  the  total  hydrogen  budget  of  the  planet.  Such  a 
condition  raises  important  questions  about  the  exchange  of 
hydrogen  between  the  surface  and  the  interior  of  the  Earth  through 
tectonic  processes  over  geologic  time.  Is  it  possible,  for  example, 
that  the  hydrogen  in  today's  raindrops  has  passed  through  the  deep 
mantle  several  times  over  the  history  of  the  Earth?  In  my  own 
graduate  thesis,  I  argued  that  such  global  recycling  of  water  could 
have  a  large  impact  on  the  dynamics  of  plate  tectonics  and  thermal 
convection  in  the  Earth's  mantle.  A  similar  transfer  mechanism  of 
water  between  the  oceans  and  the  shallow  mantle  has  also  been 
suggested  by  the  isotopic  measurements  of  Julie  Morris  and  her 
colleagues  at  the  Department  of  Terrestrial  Magnetism  (see  Year 
Book  88,  pp.  111-118). 

For  future  studies,  it  will  be  critical  to  identify  new 
observational  tests  for  the  presence  of  hydrogen  deep  in  the  Earth. 
Just  as  the  passage  of  seismic  waves  has  provided  information 
about  density  of  the  mantle,  comparisons  of  new  laboratory 
measurements  with  other  geophysical  observations  should 
constrain  deep-Earth  hydrogen  concentrations.  For  example,  if  trace 
amounts  of  hydrogen  significantly  change  the  rheology  and 
electrical  properties  of  perovskite  it  should  produce  measurable 
effects  in  the  tectonic  deformation  of  the  lower  mantle  (e.g.,  from 
the  long-term  uplift  since  the  melting  of  the  continental  glaciers) 
and  in  the  change  in  the  Earth's  magnetic  field  over  time  (i.e.,  in  the 
passage  of  electrical  currents  from  the  dynamo  in  the  Earth's  center 
to  the  surface).  With  this  approach,  we  expect  that  future  laboratory 
studies  of  hydrogen  in  silicate  perovskite  will  significantly  improve 
our  understanding  of  the  mantle  and  its  relationship  to  the 
hydrosphere  in  which  we  live. 
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Short  Reports 


Bjorn  O.  Mysen:  The  Role  of  Alumina 
in  Magmatic  Liquids  at  High 
Temperature 

In  silicate  melts  having  nonbridging 
oxygen  (as  is  the  case  for  all  natural  mag- 
matic liquids),  several  different  types  of 
structural  units,  each  with  its  distinct  num- 
ber of  nonbridging  oxygens  per  tetrahedral- 
ly  coordinated  cation,  NBO/T  (where  T  = 
Al  +  Si),  Al3+  may  be  distributed  among  the 
units  in  a  systematic  manner.  The  influence 
of  electronic  properties  of  the  charge-balanc- 
ing cation  and  temperature  on  this  distribu- 
tion has  been  studied  in  situ  with  high- 
temperature  Raman  spectroscopy.  In  model 
basalt  compositions,  Al3+  is  partitioned 
strongly  into  fully  polymerized  structural 
units.  With  sodium  (and  probably  potas- 
sium) for  electrical  charge-balance,  no  effect 
of  temperature  on  this  partitioning  is  ob- 
served, but  with  more  electronegative  ca- 
tions Al3+  is  redistributed  among  the  units 
at  T  >  1100°C.  This  redistribution  affects  the 
abundance  of  units  and  also  decreases  the 
enthalpy  of  the  equilibria  describing  the  dis- 
tribution of  the  units. 

Constance  Bertka:  Melting  Reactions  in 
Planetary  Interiors 

The  reaction  that  occurs  when  the  inte- 
rior of  a  planet  begins  to  melt  is  determined 
by  the  stable  mineral  assemblage.  This 
mineral  assemblage  varies  as  a  function  of 
both  pressure  and  mantle  bulk  composition. 
Cosmochemical  models  for  the  accretion  of 
the  terrestrial  planets,  as  well  as  knowledge 
of  the  planets'  moment  of  inertia  factors, 
lead  to  the  suggestion  that  the  mantle  of 
Mars  is  more  iron-rich  than  the  mantle  of 
Venus  or  Earth. 

Previous  partial-melting  studies  have  ex- 
plored the  production  of  basaltic  magma 
from  iron-poor,  mg#  =  90  (mg#  =  atomic 
Mg/[Fe  +  Mg]),  bulk  mantle  compositions. 
In  this  study,  experiments  have  been  per- 
formed with  iron-rich,  mg#  =  75-85,  mantle 


compositions.  Bulk  mantle  compositions 
with  both  chondritic  (Mg/Si  =  1.1,  Al/Ca  = 
1.3)  and  peridotite  (Mg/Si  =  1.3,  Al/Ca  = 
1.2)  element  ratios  have  been  studied.  It  has 
been  determined  that  the  type  of  clino- 
pyroxene  phase  stable  at  the  beginning  of 
melting  depends  on  the  bulk  iron  content  of 
the  mantle.  The  addition  of  iron  stabilized 
pigeonite,  a  low  Ca  clinopyroxene  (Wo  <  25 
mole%),  at  pressures  <  20  kbar  in  all  of  the 
iron-rich  compositions  studied  except  that 
of  peridotite  with  mg#  =  75.  In  the  Earth's 
interior,  pigeonite  is  stable  at  >20  kbar, 
augite  (Wo  <  25  mole%)  below  this  pressure. 

If  pigeonite  is  present  at  the  beginning 
of  melting,  then  orthopyroxene  is  produced 
rather  than  consumed  during  the  melting 
event.  We  may  predict  that  an  ortho- 
pyroxene-producing  melting  reaction  will 
occur  throughout  the  spinel  stability  field  in 
the  interior  of  Mars,  but  predominantly  at 
the  higher  pressure  of  the  garnet-stability 
field  of  the  Earth's  interior.  However,  if  the 
Mg/Si  atomic  ratio  of  Mars  resembles  that 
of  peridotite  rather  than  that  of  chondrite 
and  the  mg#  is  <  75,  then  spinel  wehrlite 
(spinel  +  augite  +  olivine)  may  be  the 
dominant  assemblage  over  a  large  volume 
of  the  martian  upper  mantle.  To  the  best  of 
our  knowledge  the  melting  reaction  of  such 
an  assemblage  has  never  been  investigated. 

Edward  D.  Young,  Hiroko  Nagahara, 
and  Bjorn  Mysen:  Effects  of  Mineral 
Evaporation  on  Oxygen  Isotope  Ratios 

Oxygen  is  especially  useful  as  a  tracer  of 
mass  transfer  and  transport  which  occurred 
during  formation  of  rock  in  the  primordial 
solar  nebula  because  it  is  a  major  com- 
ponent of  both  solid  and  gaseous  phases. 
Relative  abundances  of  the  isotopes  of 
oxygen  are  therefore  important  arbiters  of 
theories  for  the  origin  of  our  solar  system. 
Meteoritical  evidence  and  recent  hydro- 
dynamic  models  of  the  primordial  solar 
nebula  suggest  that  evaporation  and  con- 
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densation  of  minerals  were  important 
processes  for  chemical  and  isotopic  frac- 
tionation during  formation  of  rock  material. 
High-temperature  experiments  are  being 
conducted  to  investigate  the  effects  of 
evaporation  in  vacuum  and  in  controlled 
gas  atmospheres  on  mineral  oxygen  isotope 
ratios.  Oxygen  is  liberated  by  heating  with  a 
CO2  laser  in  the  presence  of  fluorine  gas, 
permitting  analysis  of  small  (0.1  mg  or 
smaller)  and  refractory  experimental 
products. 

During  mineral  evaporation,  170  and 
180  may  be  enriched  relative  to  160  at 
mineral  surfaces  as  a  consequence  of  kinetic 
fractionation.  Early  studies  suggested  that 
significant  170  and  180  enrichment  of  solid 
minerals  was  precluded  by  the  slow  rate  of 
oxygen  diffusion  from  the  surfaces  of 
minerals  to  their  interiors  during  evapora- 
tion. Oxygen  diffuses  more  rapidly  in  mol- 
ten mineral  material,  however,  and  nearly 
pure  kinetic  isotope  fractionation  had  been 
measured  in  residues  of  evaporation  and 
melting.  Substantial  mass-dependent  frac- 
tionation of  oxygen  isotopes  in  primitive 
meteoritic  materials  was  therefore  regarded 
as  evidence  for  partial  melting  during 
evaporation  condensation  reactions  in  the 
solar  nebula. 

Recent  experiments  performed  at  the 
Geophysical  Laboratory  show  that  large 
shifts  in  l70/A60  and  ™0/uO  (several  %0 
per  atomic  mass  unit)  occur  in  residues  of 
Si02  evaporated  as  solids  in  vacuum  (pres- 
sure =  7  x  10-9  bar).  Such  changes 
demonstrate  that  partial  melting  during 
evaporation  may  not  be  required  a  priori  to 
explain  large  mass-dependent  variations  in 
primitive  meteoritic  oxygen  isotope  ratios. 
Shifts  in  uO/]bO  and  }80/l60  were  found 
to  decrease  with  increasing  rate  of  evapora- 
tion. Rate  of  evaporation  was  in  turn  found 
to  be  positively  correlated  with  H2  gas  pres- 
sure. The  possibility  thus  exists  that  further 
exploration  of  the  conditions  favoring  chan- 
ges in  l70/l60  and  wO/]bO  with  evapora- 
tion can  be  used  to  constrain  conditions 
which  prevailed  in  the  early  solar  nebula. 


Robert  Popp  (left)  and  David  Virgo 

An  important  goal  of  these  studies  is  to 
develop  means  for  testing  the  importance  of 
oxygen  isotope  fractionation  by  physico- 
chemical  processes  within  the  primordial 
solar  nebula  relative  to  heterogeneity  in 
isotope  ratios  resulting  from  introduction  of 
nucleosynthetic  interstellar  oxygen  before 
or  during  rock  formation. 

Robert  K.  Popp,  David  Virgo,  Thomas 
C.  Hoering,  Hatten  S.  Yoder,  Jr., 
Michael  W.  Phillips:  Crystal-Chemical 
and  Phase  Equilibrium  Studies  of 
Kaersutitic  Amphibole 

Kaersutitic  amphiboles,  hydrous 
minerals  that  are  Ti-rich  varieties  of 
hornblende,  occur  only  in  rocks  that  have 
deep-seated  origins.  They  are  common  in 
mantle-derived  peridotitic  inclusions  in 
alkalic  basalts,  as  well  as  in  SNC-Type 
meteorites,  which  are  considered  to  have  an 
origin  on  the  planet  Mars.  The  potential  of 
these  amphiboles  as  petrogenetic  indicators 
of  processes  in  planetary  interiors  has  not 
been  fully  realized  because  the  crystal- 
chemistry  and  phase  relations  of  the 
mineral  have  been  poorly  understood.  Their 
relatively  high  Fe3+-  and  low  water-contents 
have  been  interpreted  by  some  to  reflect  low 
water  activity  in  the  environment  of  crystal- 
lization, and /or  oxidation  in  air  after  erup- 
tion onto  the  Earth's  surface. 

We  have  undertaken  a  study  that  invol- 
ves statistical  analyses  of  literature  data, 
detailed  chemical  and  structural  charac- 
terization of  natural  samples,  and  ex- 
perimental investigation  of  the  stability  of 
kaersutitic  amphibole.  Experiments  on  a 
megacryst  sample  from  Vulcan's  Throne, 
Arizona,  have  been  carried  out  at  500- 
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1000°C,  from  1  atm  to  10  kbar,  and  at 
fugacities  (partial  pressures)  of  oxygen  and 
hydrogen  ranging  from  that  of  the  Earth's 
surface  to  that  of  the  mantle. 

Our  results  obtained  to  date  have  two 
important  petrogenetic  consequences.  First, 
the  incorporation  of  both  Fe3+  and  Ti  into 
the  crystal  structures  of  these  amphiboles  is 
accomplished  by  a  mechanism  that  requires 
loss  of  H  from  the  crystal  structure.  When 
account  is  taken  for  that  amount  of  H,  the 
observed  water  contents  are  in  excellent 
agreement  with  the  theoretical  value  for  all 
amphiboles.  Thus,  the  low  H  contents  of 
kaersutitic  amphiboles  result  from  the  crys- 
tal chemical  constraints  of  their  high  Fe3+ 
and  Ti  contents,  and  do  not  require  a  low  ac- 
tivity of  water  in  the  environment  of  crystal- 
lization. 

Second,  at  constant  temperature  and 
pressure  the  fugacity  of  hydrogen  is  the  criti- 
cal variable  that  controls  the  ferric-ferrous 
ratio  of  kaersutite.  Experiments  carried  out 
over  the  range  of  hydrogen  fugacities 
generally  presumed  to  represent  mantle  con- 
ditions have  defined  the  ferric-ferrous  ratios 
that  are  characteristic  of  amphiboles  in  the 
temperature  range  at  which  their  final  crys- 
tallization from  a  melt  takes  place.  By  com- 
paring the  experimental  results  with  the 
compositions  of  natural  samples,  we  con- 
clude that  the  relatively  high  Fe3+  contents 
of  most  natural  samples  can  be  imposed  by 
conditions  presumed  to  be  representative  of 
the  upper  mantle. 

Willem  L.  Vos:  A  Novel  Hydrogen 
Hydrate 

At  low  temperatures  and  ambient  pres- 
sure, mixtures  of  water  and  simple 
molecules  (e.g.  Ar,  Kr,  Xe,  N2)  are  known  to 
form  so-called  clathrate  hydrates.  These 
compounds  consist  of  hydrogen-bonded  net- 
works of  water  molecules  that  form  cages  in 
which  the  other,  guest,  species  are  con- 
tained by  van  der  Waals  forces.  In  the  bi- 
nary system  hydrogen-water,  which  is  of 
great  importance  to  condensed  matter 
science  and  planetary  atmospheres, 


Crystal  structure  of  the  novel  high-pressure 
hydrogen  clathrate  hydrate,  determined  by  x-ray 
diffraction.  The  H2  molecules  are  shown  as  light 
dumbbells.  In  the  H20  molecules,  small  dark  sphe: 
are  the  hydrogen  ions  and  large  dark  spheres  are 
the  oxygen  ions.  The  hydrogen  bonds  between  the 
H20  molecules  are  indicated  as  thin  dark  lines. 
Note  that  the  H2  molecules  have  an 
approximately  spherical  charge  distribution 
due  to  their  quantum  nature  and  that  the  H20 
molecules  are  orientationally  disordered. 


clathrates  have  never  before  been  observed; 
the  two  clathrate  structures  that  were 
known  for  a  long  time  have  cages  that  are 
much  larger  than  hydrogen  molecules. 

In  collaboration  with  Larry  Finger,  Rus- 
sell Hemley,  and  Ho-kwang  Mao,  optical 
and  x-ray  diffraction  experiments  have  been 
done  at  high  pressures  in  diamond  anvil 
cells,  revealing  two  hydrogen  hydrates.  Be- 
tween 0.8  and  3.1  GPa  at  room  temperature, 
clathrate  with  a  1:6  F^F^O  stoichiometry  is 
found.  It  has  a  structure  similar  to  the  small- 
cage  helium  clathrate  that  was  recently  ob- 
served by  Londono  et  ah  Beyond  2.3  GPa,  a 
hydrate  with  a  novel  structure  is  formed 
with  an  exceptionally  large  hydrogen  com- 
position (a  stoichiometry  of  1:1  F^F^O). 
The  H2O  molecules  are  in  a  diamond  struc- 
ture and  the  H2  molecules  are  on  an  inter- 
penetrating diamond  lattice  (see  figure). 
This  compound  is  exceptionally  stable  be- 
cause it  exists  to  at  least  30  GPa,  which  is 
ten  times  higher  than  for  all  previously 
known  clathrates. 

R.  P.  Ilchik,  D.  K.  Rumble,  and  T.  C 
Hoering:  Sulfur  Isotopes  in  Pyrite 

We  are  investigating  stable  isotopic  char- 


Robert  Ilchik  examines  large  cleavage 
fragments  from  rocks  below  the  Snake 
Range  decollement  in  eastern  Nevada. 
Fluid  flow  through  these  rocks  may  be  an 
important  contributor  to  mass  transfer 
within  the  middle  crust. 


acteristics  of  intracaldera  tuff  and  sedimen- 
tary rocks  from  the  Creede  caldera,  San 
Juan  volcanic  field,  south-central  Colorado. 
Samples  were  obtained  through  the  Creede 
Caldera  Moat  Drilling  Project,  an  under- 
taking of  the  U.S.  Continental  Scientific 
Drilling  Project  of  the  National  Science 
Foundation.  Historically,  the  Creede  mining 
district  is  one  of  the  largest  silver  producers 
in  the  U.S.  Other  investigators  have  sug- 
gested that  fluids  derived  from  a  lake  filling 
the  caldera  moat  may  have  played  an  impor- 
tant role  in  the  formation  of  the  ore  deposit. 
We  are  using  stable  isotopes  to  investigate 
fluid  flow  beneath  this  paleo-lake  and  to 
evaluate  this  hypothesis. 

The  laser-fluorination  technique  for 
analysis  of  sulfur  isotopes  (see  Year  Book  91, 
pp.  89-91)  enables  us  to  resolve  fine-scale 
variations  in  pyrite  sulfur.  Macroscopic 
pyrite  in  the  sedimentary  Creede  Formation 
is  limited  to  a  few  concretions  and  bedding- 
parallel,  diagenetic  bands.  Pyrite  in  the  un- 
derlying Snowshoe  Mountain  tuff  is  more 
abundant,  and  occurs  as  thin  selvages  (from 
<100  urn  to  3  mm  thick),  and  is  typically 
overgrown  by  later  calcite.  We  find  that 
most  individual  veins  show  a  narrow  range 
in  534S  of  less  than  10%o,  but  between 
samples,  834S  varies  from  -20  to  +80%o.  This 
range  has  also  been  found  within  a  few  in- 
dividual veins.  Thus,  the  range  of  isotopic 
compositions  present  in  these  samples 
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spans  and  exceeds  the  range  commonly 
found  in  all  natural  environments — 
sedimental,  hydrothermal,  and  igneous.  The 
causes  of  the  variation  are  not  yet  fully  un- 
derstood, but  their  discovery  emphasizes 
the  importance  of  fine-scale  resolution 
provided  by  the  laser  technique. 

Glenn  A.  Goodfriend,  L.  M.  Cook,  and 
R.  A.  D.  Cameron:  Changes  in  the  Land 
Snail  Fauna  of  Madeira  since  European 
Colonization:  Evidence  from  the 
Recent  Fossil  Record 

The  Madeiran  Archipelago  (in  the  east- 
ern Atlantic)  is  noted  for  its  very  rich  ende- 
mic land  snail  fauna.  However,  a  number  of 
the  species  are  known  only  from  the  fossil 
record  or  from  empty  shells  lying  on  the 
ground.  When  did  these  species  become 
extinct?  How  do  these  extinctions  relate  to 
Portuguese  colonization  of  these  previously 
uninhabited  islands  early  in  the  15th  cen- 
tury? 

For  answers,  we  analyzed  land  snail 
faunas  from  a  thick  (40-m)  sequence  of  fos- 
sil and  recent  sand  dunes  at  a  site  on  the 
eastern  end  of  Madeira.  Included  in  the 
suite  of  samples  collected  was  a  series  from 
post-colonization  sedimentary  units.  Dating 
of  the  snails  was  carried  out  by  a  combina- 
tion of  U-Th,  radiocarbon,  and  amino  acid 
epimerization  analyses.  The  sequence  was 
found  to  span  some  300,000  years.  Of  the 
fourteen  extinct  species  occurring  in  the 
sediments,  most  (nine  species)  were  found 
to  have  become  extinct  during  the  last  400 
years,  i.e.,  since  colonization  of  the  island. 
Habitat  destruction  due  to  grazing,  agricul- 
ture, and  fire  is  probably  the  major  cause  for 
the  demise  of  these  endemic  island  snails. 
(See  photo,  p.  83.) 

Alison  S.  Brooks,  P.  Edgar  Hare,  and 
Julie  E.  Kokis:  Age  of  Early  Anatomi- 
cally Modern  Human  Fossils  from  the 
Cave  of  Klasies  River  Mouth,  South 
Africa 

The  cave  site  of  Klasies  River  Mouth  in- 
corporates a  long-stratified  sequence  of  Mid- 
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die  Stone  Age  (MSA)  archaeological 
horizons.  This  sequence  spans  much  of  the 
last  glacial  cycle,  about  10,000-100,000  years 
ago.  The  older  levels  yielded  fragmentary 
fossil  remains  of  anatomically  modern 
humans  in  undisturbed  stratigraphic  con- 
texts. Ostrich  eggshell  samples  from  the 
older  levels  were  analyzed  for  D-alloiso- 
leucine/L-isoleucine  ratios,  and  yielded 
values  between  0.14  and  0.41  after  correc- 
tion for  laboratory-induced  epimerization. 
The  youngest  of  these  samples  was  also 
dated  by  radiocarbon  to  38,700  ±  1200  years 
ago.  Using  this  piece  as  a  calibration  for 
levels  too  old  for  radiocarbon  dating,  we  es- 
timate from  the  D-alloisoleucine/L-isoleu- 
cine  ratios,  the  approximate  ages  of  the 
MSA  horizons  as  follows:  MSA  3  (bottom) 
-75,000-80,000  years,  MSA  HP  (top)  -80,000 
years,  MSA  2  -110,000-125,000  years,  and 
MSA  1/2  (boundary)  -125,000  years.  (See 
drawing,  p.  82.)  If  the  average  temperature 
experienced  by  these  samples  was  colder 
than  that  of  the  calibration  piece,  the  ages 
would  be  even  older.  These  are  the  oldest 
anatomically  modern  human  skeletal 
remains  in  the  world  having  securely  as- 
sociated ages. 

David  W.  Von  Endt:  A  Sponge  from  the 
Tomb  of  Philippos  II 

Philippos  II,  father  of  Alexander  the 
Great,  died  in  336  B.C.  and  was  buried  in 
Vergina,  Macedonia,  northern  Greece.  In  his 
tomb  were  bath  utensils  for  his  journey  after 
death,  and  among  these  was  a  sponge 


which  was  analyzed  at  the  Geophysical 
Laboratory.  Sponges  work  well  as  bath  uten- 
sils because  the  protein  of  which  they  are 
composed,  spongin,  is  closely  related  to  col- 
lagen, the  very  strong  and  flexible  structural 
protein  of  mammals.  The  samples  were 
identified  as  belonging  to  the  genus  Hip- 
pospongia,  a  common  commercial  sponge 
from  the  Mediterranean.  Amino  acid 
analysis  of  samples  from  this  2300-year-old 
sponge  indicated  that  few  bonds  had  been 
broken  in  the  original  molecules.  Only  10% 
or  so  of  the  amino  acids  exist  in  the  "free" 
state,  with  the  remainder  still  linked  in  the 
peptide  bonds  of  the  original  protein.  The 
amino  acid  composition  of  this  sponge  also 
is  similar  to  modern  samples  from  the  same 
area  of  the  world.  In  addition,  carbon, 
hydrogen,  and  nitrogen  (CHN)  analysis  in- 
dicated that  the  C/N  ratio  fell  within  the 
values  expected  for  proteins,  indicating  that 
the  sponge  was  composed  primarily  of 
protein,  and  was  not  a  combination  of 
protein  and  polysaccharide. 

What  is  remarkable  is  that  the  archeo- 
logical  material  not  only  has  not  crumbled 
completely  during  its  2300  years  of  inter- 
ment at  high  humidity,  but  also  that  it  has 
retained  sufficient  morphological  and 
chemical  features  so  that  it  could  be  iden- 
tified. Clearly,  spongin  is  a  very  stable 
molecule  and  resistant  to  chemical  attack. 
The  diagenesis  of  organic  materials  such 
as  proteins  is  important  not  only  to  geo- 
chemists,  but  also  to  museums  in  trying  to 
mitigate  its  effects  and  preserve  collections. 
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DTM  staff  near  the  main  building,  Broad  Branch  Road  campus,  spring  1993.  First  row, 
seated  (left  to  right):  Janice  Dunlap,  Vera  Rubin,  George  Wetherill,  Fouad  Tera,  Glenn  Poe, 
Sandra  Keiser.  Second  row:  David  Kuentz,  Elisabeth  Widom,  Lori  Herold,  Shaun  Hardy, 
Daniela  Power,  Merri  Wolf,  Bennie  Harris,  Roy  Dingus,  Rosa  Maria  Esparza.  Third  row: 
Georg  Bartels,  Richard  Carlson,  Louis  Brown,  David  Williams,  John  Almquist,  Ingi 
Bjarnason,  Mary  Coder,  Nelson  McWhorter,  Randy  Kuehnel,  Raymond  Russo.  Last  row: 
David  Weinrib,  Steven  Shirey,  Terry  Stahl,  John  Emler,  Alan  Boss,  Thomas  Aldrich,  Gary 
Bors,  Francois  Schweizer,  John  Graham,  Michael  Seemann,  Russell  Lavery,  Sean  Solomon. 


The  Director's  Introduction 

It  has  been  slightly  more  than  thirty  years  since  two  scientific 
revolutions  began  to  transform  the  earth  and  planetary  sciences 
from  a  collection  of  loosely  related  and  generally  narrowly  focused 
disciplines  to  a  field  encompassing  a  wide  sweep  of  interconnected 
physical  and  chemical  systems  requiring  approaches  both 
nontraditional  and  multidisciplinary.  In  1962  Harry  Hess 
enunciated  the  concept  of  seafloor  spreading,  an  idea  that  within  a 
few  years  brought  forth  the  plate  tectonics  paradigm,  which 
instantly  linked  volcanic,  tectonic,  and  geological  processes  into  a 
globally  coherent  and  quantitative  hypothesis  for  the  workings  of 
the  Earth's  lithosphere.  That  same  year,  Mariner  2,  the  first 
spacecraft  from  Earth  to  return  data  from  another  planet,  ushered 
in  three  remarkable  decades  of  exploration  that  have  forever 
changed  our  view  of  the  planets  and  satellites  of  the  solar  system, 
from  small  circles  of  light  in  an  astronomer's  eyepiece  to  complex 
worlds,  each  rich  in  physical  phenomena  that  paradoxically  obey 
the  same  laws  as  those  on  Earth  yet  evince  unique  and  alien  forms. 
The  challenge  to  those  in  the  earth  and  planetary  sciences  now  is  to 
understand  how  the  planets  and  satellites  of  our  solar  system 
formed  and  evolved  into  such  distinct  bodies  from  a  single  solar 
nebula  and  according  to  common  physical  processes.  A  parallel  and 
complementary  challenge  to  the  astrophysical  sciences  is  to  provide 
a  basis  for  generalizing  that  understanding  to  the  formation  of 
planetary  systems  around  other  stars,  to  the  processes  governing 
star  formation  in  galaxies,  and  to  the  mechanisms  of  formation  and 

105 


106  CARNEGIE  INSTITUTION 

evolution  of  galaxies. 

The  various  stages,  according  to  current  theory,  of  planet 
formation — from  collapse  of  a  cloud  of  interstellar  gas  and  dust,  to 
formation  of  a  protostar  and  nebular  disk,  to  the  aggregation  of 
planetesimals,  to  the  accretion  of  planets — are  amenable  to  study  by 
means  of  increasingly  sophisticated  computer  simulations.  Clues  to 
the  early  history  of  our  solar  system  are  to  be  found  in  the  isotopic 
and  chemical  record  in  meteorites  and  asteroidal-cometary  dust 
particles,  in  the  chemistry  of  giant  planets  and  planetary 
atmospheres,  and  in  the  earliest  geological  record  from  the  solid 
planets  and  satellites,  including  the  Earth.  Important  parallel 
progress  has  come  from  recent  astronomical  studies  of  young, 
pre-main-sequence  stars  and  the  development  of  improved  theories 
of  star  formation.  This  line  of  inquiry  has  documented  many  of  the 
characteristics  of  gas-cloud  collapse,  early  stellar  evolution,  and 
accretion  disk  formation  that  form  the  underpinnings  of  current 
theory.  While  planetary  systems  have  not  yet  been  confirmed 
around  any  normal  star,  efforts  are  under  way  to  detect  motions  of 
nearby  stars  that  would  signal  systems  of  one  or  more  Jupiter-sized 
planets,  and  there  are  longer-term,  much  more  ambitious  plans  by 
the  astronomical  and  planetary  science  communities  to  mount 
ground-based  and  spaceborne  efforts  to  detect  directly  and 
indirectly  nearby  extrasolar  planets  down  to  Uranus-sized  objects. 

DTM  staff  scientists  have  been  leaders  in  the  conceptual  and 
theoretical  development  of,  and  in  the  astronomical  observations 
supporting,  current  ideas  on  solar  system  and  planet  formation.  An 
essay  by  Alan  Boss  reviews  recent  progress  by  DTM  staff  on  both 
the  theoretical  and  observational  fronts.  Short  reports  on  infrared 
observations  of  star  formation  by  John  Graham,  galaxy  kinematics 
by  Vera  Rubin,  formation  of  young  globular  clusters  by  Francois 
Schweizer,  high-resolution  images  of  distant  galaxy  clusters  by 
Russell  Lavery,  and  the  accretion  of  planetesimals  to  form 
lunar-sized  planetary  "embryos"  by  George  Wetherill  offer 
highlights  of  closely  related  work. 

The  populations  of  smaller  objects  in  our  own  planetary 
system — asteroids,  comets,  and  meteoroids — are  continually 
evolving,  and  the  collision  of  such  an  object  with  a  planet  or 
satellite  can  constitute  a  significant  geological  event.  Work  during 
the  last  year  at  DTM  on  the  nature  and  consequences  of  this 
evolution  is  summarized  in  the  short  reports  by  David  Williams 
and  Wetherill  on  developing  a  theoretical  understanding  of  the  size 
distribution  of  main-belt  asteroids  and  by  Steven  Shirey  on  the 
geochemical  confirmation  of  a  meteoritic  component  in  glass 
formed  from  molten  material  ejected  during  terrestrial  impacts. 
WetherhTs  efforts  to  document  the  atmospheric  trajectory,  and  from 
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it  the  pre-encounter  orbit  about  the  Sun,  of  a  recovered  meteorite 
fall  are  noted  in  his  short  report  on  planetary  origins. 

The  differentiation  of  the  Earth  into  compositionally  distinct 
layers  is  a  fundamental  and  ongoing  planetary  process.  The 
modern  component  of  that  differentiation  is  the  formation  of 
magmas  by  partial  melting  in  the  mantle  and  the  ascent  of  that 
magma  to  shallower  levels  where  subsurface  intrusions  or  surface 
flows  can  cool  to  form  new  crustal  material.  Magma  genesis  occurs 
at  the  Earth's  mid-ocean  ridges,  intraplate  hotspot  volcanoes,  and 
island  arc  volcanoes  at  subduction  zones,  and  each  setting  has  its 
distinct  melting  characteristics,  magma  compositional  ranges,  and 
accompanying  tectonic  styles.  While  these  broad  generalizations 
are  known,  the  processes  by  which  melt  is  formed,  ascends  to 
shallow  levels,  and  is  modified  during  ascent  by  cooling, 
crystal-liquid  or  liquid-liquid  separation,  and  remelting  and 
assimilation  of  surrounding  rock  is  not  known  in  detail.  For 
instance,  at  mid-ocean  ridges,  the  best  current  theoretical  models 
for  mantle  flow  suggest  that  melt  should  be  generated  in  upwelling 
zones  of  order  100  km  wide  in  cross  section.  The  neovolcanic  zone 
marking  the  seafloor  locus  of  the  volcanically  active  plate  boundary 
along  the  axis  of  the  ridge,  however,  is  of  order  1  km  wide.  How  the 
magma  is  funneled  as  it  ascends  into  a  channel  reduced  in  width  by 
a  factor  of  100  is  poorly  understood.  An  effort  to  address  the 
geometry  of  mantle  flow  and  the  processes  of  melt  generation  and 
transport  beneath  a  spreading  center  in  northern  Iceland  by  means 
of  seismic  imaging  is  discussed  in  the  short  report  by  Ingi 
Bjarnason.  New  information  from  crustal  strain  measurements  on 
the  rate  and  geometry  of  ascent  of  magma  from  a  shallow  crustal 
reservoir  to  a  volcanic  eruption  in  Iceland  is  described  in  a  short 
report  by  Alan  Linde  and  Selwyn  Sacks. 

Magmatism  at  island  arcs  overlying  subduction  zones  is 
thought  to  be  the  principal  mechanism  of  growth  of  continental 
crustal  material.  Subduction  at  deep-sea  trenches  carries  cold 
oceanic  lithosphere  back  into  the  warm  mantle;  that  one  of  the 
coldest  parts  of  the  mantle  should  be  responsible  for  the  generation 
of  magmas  appears  to  be  a  paradox.  Current  thinking  is  that  the 
magma  generation  is  initiated  by  the  flux  of  water  driven  from  the 
subducted  lithosphere  because  of  the  breakdown  of  hydrous  phases 
by  high  pressure  and  temperature,  but  the  pathways  of  water,  the 
relative  contribution  of  subducted  crustal  material  and  overlying 
mantle  to  magmas,  and  the  specific  mechanisms  of  magma  ascent 
to  form  discrete  volcanic  centers,  often  at  a  regular  spacing  along  an 
island  arc,  are  not  well  known.  DTM  geochemists,  in  work 
spanning  several  years,  demonstrated  that  subducted  sediments 
must  generally  contribute  to  magmas  formed  beneath  island  arcs 
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because  the  volcanic  arc  rocks  contain  measurable  concentrations  of 
the  short-lived  cosmogenic  isotope  10Be,  which  is  present  in 
deep-sea  sediments  but  not  in  the  igneous  oceanic  crust  or  mantle. 
A  short  report  by  Fouad  Tera  and  Julie  Morris  describes  the 
variability  in  10Be  concentration  and  10Be/9Be  ratio  along  a  single 
arc  and  suggests  that  the  subduction  of  sediments  and  their 
contribution  to  magma  formation  can  be  strongly  heterogeneous 
over  scales  of  hundreds  of  kilometers. 

Mid-ocean  ridge  magmatism  and  subduction  of  oceanic 
lithosphere  are  but  two  components  of  a  complex  pattern  of 
convective  flow  in  the  Earth  involving  not  only  the  lithosphere  but 
the  entire  underlying  mantle  as  well.  Describing  and  understanding 
the  three-dimensional  patterns  of  that  flow  and  their  variations 
with  time  remain  critical  issues  linking  plate  tectonics,  the 
geophysical  structure  of  the  Earth's  interior,  and  the  geochemical 
and  thermal  evolution  of  the  crust  and  mantle.  Seismologists  are 
providing  ever-sharper  images  of  the  three-dimensional  seismic 
velocity  structure  of  the  mantle  and  are  interpreting  the  variations 
in  velocity  in  terms  of  anomalously  hot  and  cool  regions  of 
upwelling  and  downwelling  mantle  material.  A  new  tool, 
developed  at  DTM,  to  sense  the  flow  field  involves  the  anisotropy, 
or  direction  dependence,  of  seismic  wave  speed  (see  essay  by  Paul 
Silver,  Year  Book  91,  pp.  66-78).  Anisotropy  results  from  the 
preferential  alignment  of  mineral  grains  in  the  mantle  by  the  shear 
stresses  accompanying  large-scale  flow,  so  mapping  the  anisotropy 
promises  to  yield  more-direct  signatures  of  convective  flow 
patterns  than  that  provided  by  the  directionally  averaged  seismic 
velocity  field. 

Work  on  the  isotope  systematics  of  mantle-derived  rocks  and 
magmas  by  geochemists  at  DTM  and  elsewhere  has  demonstrated 
that  the  mantle  is  a  complex  mixture  of  material  subjected  to 
repeated  partial  melting  events  at  mid-ocean  ridges,  material 
recycled  into  the  interior  at  subduction  zones,  and  perhaps  material 
remaining  from  early  global  differentiation.  Most  mantle-derived 
melts  have  a  heritage  of  all  of  these  components;  a  short  report  by 
Elisabeth  Widom  describes  a  geochemical  study  of  lavas  in  the 
Azores,  which  display  isotopic  signatures  unusually  heterogeneous 
for  a  single  island  group.  Progress  on  this  topic  involves  both  the 
acquisition  of  geochemical  and  isotopic  data  from  new  regions  and 
the  development  of  new  tools  to  improve  analytical  capabilities  or 
to  explore  new  isotopic  systems  (see  essay  by  Shirey  and  Richard 
Carlson,  in  Year  Book  90,  pp.  58-71).  A  short  report  by  Louis  Brown 
highlights  the  ongoing  improvements  to  DTM  mass  spectrometer 
capabilities. 

The  continents  play  a  special  role  in  the  chemical  and  physical 
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evolution  of  the  Earth.  The  continents  are  underlain  by  crust  that  is 
both  considerably  lower  in  density  than  the  underlying  mantle  and 
significantly  thicker  than  the  crust  in  oceanic  regions.  As  a  result, 
continental  lithosphere  is  positively  buoyant  and,  unlike  oceanic 
lithosphere,  does  not  participate  to  a  substantial  degree  in  the 
subduction  process.  Continental  crust  thus  consists  of  material 
generally  much  older  than  oceanic  crust  and  includes  components 
dating  back  four  billion  years  or  more,  including  interior  cratons 
that  have  been  remarkably  resistant  to  deformation  or  subsidence 
over  long  intervals  of  geologic  time.  Most  of  the  recorded  history  of 
the  Earth  is  therefore  contained  in  the  geological  and  geochemical 
record  of  the  rocks  of  the  continental  lithosphere. 

DTM  geochemists  and  seismologists  are  exploiting  this  record 
in  several  ways.  Geochemical  study  of  continental  volcanic  rocks 
and  of  mantle  xenoliths  ripped  from  the  deep  roots  of  continental 
lithosphere  during  volcanic  eruptions,  as  described  in  the  short 
report  by  Carlson,  provides  important  insight  into  the  composition 
of  subcontinental  mantle  and  the  possible  mechanisms  of 
lithospheric  stabilization.  Seismic  experiments  in  continental 
interiors,  including  an  ambitious  new  experiment  in  Brazil 
described  in  the  short  report  by  David  James,  can  be  expected  to 
yield  images  of  the  deep  lithospheric  roots  of  the  continental 
interior  as  well  as  signatures  in  the  preserved  structure  or  mineral 
fabric  of  the  collision  and  accretion  events  that  marked  significant 
changes  in  continental  volume  or  geometry. 

The  motions  of  the  lithospheric  plates  are  the  surface  expression 
of  a  complex  pattern  of  movement  of  mass  and  heat  that  extends 
throughout  the  interior  of  the  Earth.  These  motions  are  now  well 
known  on  time  scales  ranging  from  years  to  millions  of  years  for 
most  of  the  Earth's  plates,  but  for  a  few  complex  regions  the 
geometry  and  rates  of  motion  remain  uncertain.  Earthquakes 
represent  the  release  of  stress  generated  by  these  plate  motions,  but 
there  is  not  yet  a  general  understanding  of  how  mantle  convection 
gives  rise  to  the  specific  sequence  of  deformational  events  along 
any  fault  system.  DTM  seismologists  are  focusing  on  several 
aspects  of  novel  earthquake  research  to  address  these  questions.  In 
short  reports,  Raymond  Russo  summarizes  work  on  the  nature  of 
plate  boundary  configurations  and  seismic  history  in  the 
Caribbean,  Sacks  describes  his  hypothesis  that  size  and  timing  of 
large  earthquakes  at  subduction  zones  may  be  at  least  partly 
controlled  by  the  interaction  of  subducted  seamounts  with  the 
overriding  plate,  Silver  discusses  the  possibility  that  changes  in  the 
time  interval  between  eruptions  of  a  geyser  may  herald  the 
occurrence  of  an  earthquake  hundreds  of  kilometers  distant,  and 
Linde  and  Sacks  offer  a  mechanism  for  the  observed  triggering  of 


110  CARNEGIE  INSTITUTION 

seismicity  in  geothermal  areas  by  a  recent  large  earthquake  in 
California. 

All  of  the  solid  planets  and  satellites,  and  particularly  the 
terrestrial  planets,  constitute  additional  laboratories  for  the  study  of 
mantle  convection,  magma  genesis,  and  global  tectonics.  The 
planets  and  satellites  have  been  subjected  to  different  degrees  of 
crustal  differentiation  over  a  range  of  time  scales.  Planetary 
geological  techniques  can  be  applied  to  document  styles  and 
volumes  of  volcanic  eruptions  and  their  variability  with  place  and 
time,  information  that  constrains  the  processes  of  melt  formation 
and  transport  on  other  bodies.  Volcanic  rocks  from  the  Moon, 
several  asteroids,  and  probably  Mars  reside  in  terrestrial 
laboratories  and  constitute  products  of  melting  events  amenable  to 
analytical  and  theoretical  analysis.  Numerical  models  for  mantle 
flow  on  Earth  capable  of  predicting  magmatic  flux,  near-surface 
deformation,  surface  topography,  and  gravity  anomalies  should, 
with  suitable  model  modifications,  be  applicable  to  all  of  the 
planetary  bodies  having  silicate  mantles.  Thus  the  planets  provide 
important  tests  of  the  generality  of  our  theoretical  understanding, 
and  to  date  indicate  that  our  understanding  is  very  far  from 
complete.  A  short  report  on  recent  findings  from  the  Magellan 
mission  to  Venus  and  how  they  have  radically  changed  our  view  of 
the  tectonic  and  volcanic  evolution  of  our  so-called  sister  planet 
underscores  this  statement. 

DTM  is  well  positioned  to  make  substantive  advances  across  all 
of  these  scientific  themes.  We  have  a  staff  of  creative  individuals, 
each  with  a  solid  record  of  contributions  to  knowledge  in  his  or  her 
areas  of  expertise,  but  it  is  a  staff  that  also  cherishes  its  tradition  of 
reaching  collectively  across  wide  interdisciplinary  gaps  to  forge 
new  intellectual  bridges.  The  tools  of  both  the  observational  and 
theoretical  arms  of  our  science  have  become  ever  more 
sophisticated,  but  DTM  remains  at  the  forefront  of  development 
and  application  of  new  experimental  techniques  and  analytical 
procedures.  Now  collocated  with  the  Geophysical  Laboratory,  we 
have  the  opportunity  to  tackle  new  problems  in  planetary  interior 
processes.  Our  present  responsibility  is  simply  stated  but 
continually  demanding:  to  make  the  optimum  use  of  our  limited 
human  and  financial  resources  to  achieve  intellectual  advances 
worthy  of  our  efforts  and  our  institutional  tradition. 

— Sean  C.  Solomon 


Members  of  the  cosmogony  group  at  DTM  (left  to  right):  recent  postdoctoral 
associates  David  Williams  and  Elizabeth  Myhill,  and  staff  scientists  John 
Graham,  Alan  Boss,  and  George  Wetherill. 


The  Formation  of  Stars  and  Planetary  Systems 

by  Alan  P.  Boss 

The  second  half  of  the  18th  century  was  a  fertile  period  for  the 
birth  of  scientific  ideas  as  well  as  democratic  principles. 
Reasoning  from  the  fact  that  the  planets  all  orbit  the  Sun  in  the 
same  direction  and  in  a  common  plane,  the  French  mathematician 
Pierre  Simon  Laplace  hypothesized  that  the  solar  system  formed 
within  a  flattened,  rotating  disk  of  gas.  Laplace  further  speculated 
that  the  blurred  nebulae  then  being  discovered  in  increasing 
numbers  by  the  English  astronomers  William  and  Caroline 
Herschel  were  examples  of  new  solar  systems  in  various  stages  of 
condensation  and  formation.  When  investigated  much  later  with 
higher-power  telescopes,  the  Herschels'  nebulae  most  often  turned 
out  to  be  dense  clusters  of  stars  and  "island  universes"  (now 
known  as  galaxies).  But  the  Laplacian  hypothesis  of  the  formation 
of  stars  and  planetary  systems  within  dusty  nebulae  has  easily 
survived  the  intervening  centuries  and  now  forms  the  common 
foundation  of  contemporary  research  in  stellar  and  planetary 
system  cosmogony. 

The  interests  and  expertise  of  the  cosmogony  group  at  DTM 
span  most  of  the  frontier  subjects  in  star  and  planet  formation.  John 
Graham's  observational  work  on  young  stars  and  their  close 
environments  complements  the  largely  theoretical  concerns  of 
George  Wetherill  and  Alan  Boss.  WetherriTs  calculations  of  the 
formation  of  planets  through  collisions  of  smaller  bodies  fall  at  the 
end  of  a  chronology  that  starts  with  Boss's  focus  on  calculations  of 
the  flow  of  gas,  dust  grains,  and  radiation  in  dense  interstellar 
clouds  and  rotationally  flattened  disks.  Consistent  with  the 
Laplacian  hypothesis  of  combined  formation  of  stars  and  planets 
within  gaseous  disks,  what  might  otherwise  appear  to  be  three 
divergent  research  interests  actually  constitute  a  linked  triad. 


Fig.  1.  Overview  of  the  formation  of  our  solar  system,  (a)  A  dense  interstellar  cloud  core 
begins  to  collapse,  triggered  perhaps  by  a  passing  stellar  shock  wave,  (b)  The  collapsing 
cloud  spins  faster  and  faster  about  a  rotation  axis  defined  by  its  total  angular 
momentum.  The  central  regions  become  dense  enough  to  form  a  young  star  surrounded 
by  an  orbiting  disk  of  gas  and  dust,  (c)  The  young  star  gains  mass  at  its  equator  from  the 
disk  while  simultaneously  ejecting  mass  in  the  form  of  a  strong  "bipolar"  flow  in  both 
directions  along  its  rotation  axis.  Eventually  gas  and  dust  cease  to  fall  onto  the  disk,  the 
star  no  longer  captures  disk  matter,  and  the  energetic  stellar  wind  dies  out.  (d)  Planet 
formation  proceeds  through  the  collisional  growth  of  dust  grains  within  the  disk. 

Recent  postdoctoral  fellows  and  research  associates  have  further 
amplified  these  efforts  in  both  observational  (Mark  Heyer,  Wen 
Ping  Chen)  and  theoretical  (Harold  Williams,  Elizabeth  Myhill, 
David  Williams)  studies;  scientific  collaborators  such  as  Glen 
Stewart  (University  of  Colorado)  and  Harold  Yorke  (University  of 
Wiirzburg)  have  also  strengthened  our  efforts. 

Progress  in  understanding  the  formation  of  stars  and  planetary 
systems  was  almost  nonexistent  from  the  time  of  Laplace  until  a 
few  decades  ago.  Driven  by  the  impetus  of  the  national  space 
program  (one  of  its  goals  is  to  discover  the  origin  of  our  solar 
system),  the  blossoming  of  astronomical  telescopes,  and  the 
development  of  unprecedented  computational  power,  our 
cosmogonical  understanding  has  advanced  at  a  dizzying  pace  in 
recent  years.  But  while  the  framework  of  a  self-consistent  theory  of 
stellar  and  planetary  formation  is  now  largely  in  place,  it  must  be 
admitted  that  large  gaps  in  our  knowledge  remain,  and  until  a 
seamless  fit  is  achieved,  the  theory  must  be  considered  provisional 
and  subject  to  revision.  Nevertheless,  a  pleasing  scenario  for  the 
formation  of  stars  and  planets  can  now  be  drawn  (Fig.  1),  and  will 
be  described  below  for  the  specific  case  of  our  solar  system. 

Birthplace:  A  Dense  Cloud 


The  observed  association  of  what  are  now  known  to  be  young 
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stars  with  dense  clouds  of  interstellar  dust  and  molecular  gas 
directly  confirms  one  part  of  the  Laplacian  hypothesis — stars  do 
indeed  form  within  interstellar  clouds  (or  nebulae).  The 
prototypical  examples  of  this  fundamental  fact  are  the  T  Tauri 
variable  stars,  first  found  in  the  constellation  Taurus  inside  what 
was  later  discovered  to  be  a  dense  molecular  cloud.  These  stars, 
with  masses  similar  to  that  of  the  Sun,  have  not  yet  settled  into  the 
main-sequence  phase,  where  stars  spend  most  of  their  lifetimes,  but 
instead  radiate  energy  at  a  higher  rate  as  they  contract  toward  that 
stable  equilibrium  state.  Furthermore,  a  large  fraction  of  these 
young  stars  show  evidence  of  rotating  disks  of  gas  and  dust  in  orbit 
about  them — clear  observational  evidence  for  yet  another  portion 
of  Laplace's  hypothesis. 

Dense  molecular  clouds  have  also  been  found  that  do  not 
appear  to  contain  any  young  stars,  though  their  close  association 
with  clouds  already  known  to  contain  young  stars  (and  the  great 
difficulty  of  seeing  a  low-luminosity,  young  stellar  object  embedded 
within  a  dense,  opaque  cloud)  suggests  that  some  of  these  clouds 
may  yet  be  shown  to  contain  young  stars.  Nonetheless,  these  clouds 
provide  our  best  estimates  as  to  the  likely  conditions  within  the 
dense  cloud  that  eventually  contracted  to  form  the  solar  system. 
Radio  telescopes  have  shown  that  dense  cores  in  these  clouds  have 
masses  on  the  order  of  the  Sun's  mass  and  may  be  on  the  verge  of 
gravitational  collapse.  Gravitational  collapse  can  occur  if  the 
self-gravity  of  a  cloud  is  so  strong  that  gas  pressure  and  other 
forces  are  unable  to  maintain  a  stable  equilibrium.  As  a  cloud 
becomes  denser,  its  self-gravity  becomes  stronger,  and  collapse 
becomes  inevitable.  The  beginning  of  gravitational  collapse  is 
commonly  accepted  as  the  starting  point  for  the  formation  of  stars. 

While  dense  clouds  may  begin  to  collapse  solely  through 
internal  processes  (e.g.,  loss  of  support  from  a  magnetic  field  as  the 
field  lines  slip  slowly  out  of  the  cloud  over  many  millions  of  years), 
in  the  case  of  our  own  solar  system  there  is  evidence  of  an  external 
triggering  event.  The  existence  of  certain  radioactive  decay 
products  (primarily  from  26A1)  in  meteorites  requires  that  only 
about  a  million  years  elapsed  between  the  formation  of  the 
radioactive  parent  elements  by  stellar  nucleosynthesis  and  their 
inclusion  in  solid  bodies  in  the  early  solar  system.  This  short  time 
interval  suggests  that  the  presolar  cloud  collapsed  on  a  free-fall 
time  scale  (roughly  100,000  years),  and  furthermore  that  one  of  the 
explosive  stellar  outbursts  that  produced  these  radioactivities  may 
have  triggered  the  collapse  of  the  presolar  cloud. 

The  latter  possibility  is  currently  being  investigated  at  DTM 
through  numerical  experiments  conducted  by  Boss  and  Myhill  (Fig. 
2).  Using  a  computer  code  that  solves  the  equations  governing  the 
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Fig.  2.  Collapse  of  a  dense  cloud  core  following  passage  of  a  stellar 
shock  wave.  A  25-km/sec  shock  wave  strikes  the  right  side  of  the 
cloud,  piling  up  mass  in  front  of  the  shock  wave  and  driving  this 
density  enhancement  toward  collapse  at  the  center  of  the  cloud.  Shown 
are  density  contours  in  the  equatorial  plane  of  an  initially  rotating 
cloud  on  a  scale  of  20,000  AU  (1  AU  =  Earth-Sun  separation). 

dynamics  of  a  cloud  of  gas  and  dust,  Boss  and  Myhill  have 
investigated  the  interactions  of  varied  stellar  shock  waves  with 
otherwise  quiescent  cloud  cores.  We  find  that  moderate-strength 
shock  waves  can  induce  self-gravitational  collapse  (rather  than,  for 
example,  simply  shredding  and  destroying  the  cloud),  and 
furthermore  that  parcels  of  gas  and  dust  from  the  shock  wave  itself 
can  be  injected  into  the  collapsing  cloud.  The  latter  process  helps  to 
explain  the  recent  discovery  of  tiny  grains  of  diamond,  carbon,  and 
silicon  carbide  inside  primitive  meteorites.  Evidently  these  grains 
condensed  in  the  envelopes  of  an  earlier  generation  of  massive 
stars,  crossed  interstellar  space  while  riding  on  stellar  shock  waves, 
and  then  found  their  way  into  our  own  solar  nebula. 

Parent:  A  Single  or  Double  Protostar? 


Once  a  dense  cloud  begins  to  collapse,  the  next  major  event 
depends  on  whether  or  not  the  cloud  fragments  into  several 
collapsing  clouds,  i.e.,  into  several  protostars.  (In  the  usual 
terminology,  "protostars"  preexist  "young  stars. ") 

While  single-parent  families  have  become  increasingly  common 
in  our  society,  the  fraction  of  stars  that  exist  in  relative  isolation 
(i.e.,  single  stars)  has  decreased  in  our  understanding  as  refined 
observational  techniques  have  revealed  the  presence  of  more  and 
more  companion  stars.  Recent  surveys  have  shown  that  single  stars 
like  our  Sun  constitute  at  most  a  quarter  of  all  stars;  stars  primarily 
occur  in  mutually  orbiting  pairs  (binary  stars)  or  in  systems  with 
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three  or  more  co-orbiting  stars  (multiple  systems). 

The  study  of  binary  stars  also  dates  back  two  centuries,  and  the 
same  scientists  figured  prominently  in  the  early  work.  The 
Herschels  were  the  first  to  catalog  double  stars,  and  through  careful 
measurements  of  positions  over  several  decades  they  were  able  to 
show  that  many  of  these  stars  orbit  about  each  other  and  hence 
constitute  gravitationally  bound  systems.  Laplace  soon  thereafter 
advanced  the  first  hypothesis  of  binary  star  formation — simply  that 
binary  stars  form  from  separate  condensations  that  happen  to  be 
adjacent. 

The  intervening  centuries  have  not  been  as  kind  to  Laplace's 
hypothesis  about  binary  stars  as  they  have  been  to  his  nebular 
hypothesis.  Today,  perhaps  the  leading  explanation  for  the 
formation  of  binary  and  multiple  stars  is  the  fragmentation 
mechanism.  Fragmentation  involves  the  self-gravitational  break-up 
of  a  collapsing  protostellar  cloud  into  two  or  more  distinct 
protostars,  each  of  which  continues  collapsing  on  its  own,  though 
possibly  undergoing  sub-fragmentation  along  the  way  toward 
formation  of  a  young  star  or  stars.  Successive  episodes  of 
fragmentation  and  sub-fragmentation  are  a  feasible  means  for 
producing  multiple  systems  that  are  orbitally  stable,  i.e.,  where 
pairs  of  double  stars  are  separated  by  distances  that  are  about  a 
factor  of  five  or  more  times  greater  than  the  distances  between  the 
double  stars  themselves. 

Boss  and  Peter  Bodenheimer  (University  of  California,  Santa 
Cruz)  have  long  advocated  fragmentation  as  a  means  for  explaining 
the  formation  of  binary  stars,  based  on  the  results  of  their  separate 
hydrodynamical  calculations  of  the  collapse  of  three-dimensional 
protostellar  clouds.  Since  1979,  Boss  and  Bodenheimer  have 
independently  investigated  the  possible  outcomes  of  protostellar 
collapse,  and  derived  criteria  for  the  collapse  of  dense  clouds  to 
form  single  or  binary  protostars. 

Using  a  numerical  code  that  calculates  not  only  the  dynamics 
but  also  the  thermodynamics  of  protostellar  collapse  (i.e.,  the 
amount  of  heating  and  cooling  due  to  radiative  losses),  Boss 
recently  calculated  a  suite  of  the  most  realistic  models  to  date  of  the 
collapse  of  three-dimensional  clouds.  Starting  with  centrally 
condensed,  prolate  cloud  cores,  Boss  found  that  clouds  may 
collapse  to  form  a  continuum  of  configurations  that  range  from 
single  protostars  through  bar-like  objects  to  binary  protostars  (Fig. 
3).  While  the  ultimate  fate  of  the  intermediate  forms  is  uncertain, 
the  end  points  of  the  single  and  binary  protostars  are  fairly  clear; 
the  main  determinant  is  the  initial  ratio  of  thermal  energy  to 
gravitational  energy  in  the  cloud.  This  ratio  must  be  substantially 
less  than  one  for  collapse  to  occur,  and  must  be  smaller  yet  if 


Fig.  3.  Results  of  the  collapse  of  centrally  condensed  prolate 
cloud  cores  as  the  initial  ratio  of  thermal  to  gravitational 
energy  is  decreased  from  0.43  (a)  to  0.22  (d).  Decreases  in 
this  ratio  result  in  progressive  deformation  into  bar-like 
configurations  (b,c)  culminating  in  binary  fragmentation  (d). 
Shown  are  density  contours  in  the  equatorial  plane  on  scales 
ranging  from  about  2000  AU  (a)  to  about  20  AU  (b,c,d). 

fragmentation  is  to  result;  intermediate  values  lead  to  single  stars. 

It  is  important  to  note  that  while  observations  of  the 
characteristics  of  the  initial  dense  clouds  and  of  the  young  stars 
they  produce  are  now  routine,  observers  have  yet  to  find 
undisputed  evidence  for  the  existence  of  the  suspected 
intermediate,  protostar  phase.  Protostars  were  inferred  to  exist  on 
theoretical  grounds  by  Richard  Larson  (Yale  University)  in  1968, 
and  for  the  last  two  decades  the  description  of  their  evolution  has 
been  based  solely  on  theoretical  models.  This  observational  gap  is 
just  now  being  filled,  as  a  number  of  candidate  protostars  have 
been  suggested  recently.  Remarkably,  many  of  these  protostars  are 
found  to  be  in  binary  protostellar  systems,  implying  that  the 
binary-formation  process  has  already  run  its  course  for  these 
objects.  (Surveys  of  young  stars  have  found  a  binary  frequency  at 
least  as  high  as  that  for  mature,  main  sequence  stars,  implying  that 
the  binary-formation  mechanism  operates  prior  to  the  young  star 
phase.)  These  observations  are  perhaps  the  strongest  evidence  to 
date  that  fragmentation  is  the  dynamical  process  that  produces 
binary  and  multiple  star  systems. 

Early  Years:  Disk  Evolution 


The  absence  of  a  binary  companion  to  the  Sun  means  that  the 
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solar  system  must  have  formed  from  a  cloud  with  an  intermediate 
ratio  of  thermal  to  gravitational  energy.  Given  a  small  initial 
amount  of  rotation,  such  a  cloud  will  collapse  to  higher  density  and 
a  smaller  moment  of  inertia,  and  hence  will  spin  faster  and  faster  as 
it  tries  to  conserve  its  angular  momentum.  Consequently  the  cloud 
will  become  progressively  flattened  by  rapid  rotation,  and  a  disk 
will  form  around  the  single  protostar  at  the  center.  In  the  case  of 
our  solar  system,  this  disk  is  usually  called  the  solar  nebula,  but  we 
expect  that  the  formation  of  such  disks  will  be  a  common 
occurrence  throughout  our  Galaxy  and  others. 

Depending  on  the  distribution  and  amount  of  angular 
momentum  in  the  presolar  cloud,  the  resulting  disk  may  be  either 
small  or  large  in  mass  compared  with  the  central  protostar.  In  the 
latter  case,  which  is  expected  to  occur  frequently  considering 
observational  estimates  of  cloud  rotation  rates,  the  massive  disk 
must  evolve  in  such  a  way  that  its  mass  is  transported  inward  to  be 
added  to  the  protostar,  while  the  angular  momentum  is  transported 
outward  and  away  from  the  star. 

Various  processes  have  been  advanced  that  could  effect  this 
transport,  such  as  magnetic  fields  and  convectively  driven 
turbulent  viscosity.  Boss  has  used  three-dimensional  models  of  the 
formation  of  the  solar  nebula  to  demonstrate  the  likely  efficiency  of 
a  third  mechanism — gravitational  torques  associated  with  bar-like 
configurations  that  are  likely  to  occur  during  the  collapse  phase 
(see  Fig.  3  and  Year  Book  88,  p.  99,  Fig.  4).  Gravitational  forces 
between  non-axisymmetric  (with  respect  to  the  rotation  axis) 
structures  within  the  nebula  that  are  sheared  by  rotation  into 
trailing  spiral  arms  result  in  the  rapid  removal  of  angular 
momentum  from  the  inner  portions  of  the  nebula,  as  desired  for 
nebula  evolution.  Even  a  small  amount  of  asymmetry  is  sufficient 
to  result  in  nebula  evolution  on  time  scales  on  the  order  of  100,000 
years,  which  is  comparable  to  the  ages  of  the  youngest  stars. 

Productive  Years:  Growth  of  Planetesimals 

The  small  mass  of  the  planets  compared  to  that  of  the  Sun 
(about  1000  times  smaller)  implies  that  the  mass  of  the  nebula  at  the 
time  the  planets  began  forming  was  also  small,  perhaps  only  a  few 
percent  of  the  Sun's  mass.  Coagulation  of  dust  grains  into 
progressively  larger  objects  may  have  occurred  earlier  when  the 
nebula  was  more  massive,  but  these  objects  would  have  been 
swallowed  by  the  Protosun. 

Recently  Boss  completed  a  detailed  numerical  model  of  the 
thermal  structure  of  the  forming  solar  nebula.  This  model  addresses 
the  question  of  how  hot  the  nebula  could  be  in  the  asteroid  region 
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(around  2.5  AU),  the  source  region  of  most  meteorites.  The  models 
showed  that  maximum  temperatures  of  at  least  1000  K  could  occur 
at  and  inside  2.5  AU,  falling  to  about  100  K  outside  5  AU.  The 
relatively  high  temperatures  inside  2.5  AU  may  explain  the  lack  of 
volatile  metals  (e.g.,  Na,  K)  in  the  inner  solar  system:  Such  high 
temperatures  would  have  largely  prevented  these  elements  from 
condensing  into  solid  particles  that  could  be  incorporated  into  the 
earliest  bodies  (planetesimals).  In  addition,  the  fact  that  the  ice 
condensation  point  (150  K)  in  the  model  occurs  around  4  AU  means 
that  these  models  predict  that  only  rocky  bodies  should  form  inside 
about  4  AU,  whereas  icy  bodies  should  form  outside  this 
radius — almost  precisely  what  is  thought  to  have  occurred  in  our 
solar  system,  where  Jupiter  (at  5  AU)  delineates  the  beginning  of 
the  ice-rich  giant  planet  region. 

An  unanticipated  feature  of  the  new  solar  nebula  models 
resulted  from  a  collaborative  effort  with  Harold  Yorke.  Boss  used 
Yorke's  computer  code  to  calculate  the  amount  of  energy  that 
would  be  radiated  by  the  nebula  at  different  wavelengths. 
Surprisingly,  the  resulting  spectral  energy  distribution  showed  a 
significant  dip  in  the  flux  at  mid-infrared  wavelengths  (about  10 
Jim).  The  prototypical  young  star  T  Tauri  shows  just  such  a  dip  in 
an  otherwise  flat  spectrum  in  the  infrared  (Fig.  4),  but  the 
mid-infrared  dip  had  been  previously  interpreted  as  the  result  of  a 
gap  in  the  disk.  (The  gap  would  have  removed  most  of  the  emission 
at  a  particular  wavelength  and  hence  have  produced  the  dip.)  The 
gap  was  conjectured  to  have  been  caused  by  planets  in  orbit  around 
T  Tauri,  the  planets  clearing  a  gap  around  themselves  in  much  the 
same  way  that  some  of  Saturn's  satellites  cause  gaps  in  Saturn's 
ring  system. 
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Fig.  4.  Observed  luminosities  at  different  wavelengths  for  the  prototypical 
young  star  T  Tauri  (crosses)  are  shown  compared  to  a  simple  disk  model 
(solid  line,  left  plot)  and  compared  to  the  detailed  disk  model  described  in 
text  (solid  line,  right  plot).  The  latter  model  matches  well  the  dip  in  the 
mid-infrared  (10-(J.m)  region  of  the  spectrum. 


Fig.  5.  Optical  image  of  NGC  6729,  the  reflection  nebula  surrounding  the  young 
stars  R  Coronae  Australis  (right)  and  T  Coronae  Australis  (left).  Both  stars  are 
irregular  variables  and  are  responsible  for  illuminating  the  reflection  nebula.  The 
basic  highly  structured  morphology  has  not  changed  over  the  last  sixty  years,  but 
small  night-to-night  variations  in  appearance  can  be  attributed  to  the  motion  of 
clumps  of  opaque  matter  close  to  R  CrA.  Impacts  of  similar  clumps  on  the  solar 
nebula  may  have  been  responsible  for  the  thermal  processing  necessary  for 
meteoritical  chondrule  formation.  The  angular  distance  between  R  CrA  and  T 
CrA  is  71",  which  corresponds  to  a  transverse  distance  of  9200  AU.  (Las 
Campanas  Observatory  photo  taken  by  John  Graham  with  the  2.5-m  telescope, 
an  RG  610  filter,  and  IIIa-F  emulsion,  on  11  June  1988.) 

While  the  putative  T  Tauri  planetary  system  could  have  been 
taken  as  proof  of  the  final  portion  of  Laplace's  nebula  hypothesis, 
the  new  nebula  model  shows  that  the  mid-infrared  dip  can  be  more 
simply  explained  by  a  continuous  disk  without  a  gap.  In  the  new 
view,  the  dip  occurs  because  different  dust  grains  evaporate  at 
different  temperatures.  The  dust  grains  control  the  opacity  in  the 
nebula  and  hence  the  flow  of  radiation  outward — and  accordingly 
the  nebula  temperature.  The  thermostatic  effect  of  the  dust  grains 
produces  local  plateaus  in  temperature  joined  by  regions  of  rapid 
change.  These  regions  of  rapid  change  result  in  decreased  emission 
at  certain  wavelengths  and  the  production  of  dips  in  the  spectral 
energy  distribution. 

Chondrules  are  mm-sized  spherules  that  constitute  most  of  the 
mass  of  ordinary  chondrites.  Their  nearly  spherical  shapes  and 
peculiar  textures  require  melting  at  high  temperatures  (around  2000 
K)  as  well  as  rapid  cooling.  Explaining  the  formation  of  chondrules 
through  the  processing  of  preexisting  aggregates  of  dust  grains 
requires  an  episodic,  widespread  mechanism  for  rapid  heating  and 
cooling  inside  the  nebula.  Observations  by  Graham  and  others  of 
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rapid  variations  in  stellar  luminosity,  surface  brightness  of 
reflection  nebulae,  and  circumstellar  spectral  lines  suggest  the 
presence  of  high- velocity  clumps  of  gas  and  dust  in  the  close 
environs  of  young  stars  (Fig.  5).  Boss  and  Graham  then 
hypothesized  that  since  these  clumps  must  strike  the 
protoplanetary  disk,  the  resulting  impact  could  launch  a  shock 
wave  that  could  propagate  into  the  disk.  Dust  aggregates 
encountering  the  shock  wave  would  be  rapidly  heated  to  melting 
temperatures  and  then  rapidly  cooled.  If  such  clump-disk  impacts 
do  occur,  they  appear  to  be  a  quite  reasonable  means  for  explaining 
chondrule  formation. 

We  have  here  covered  essentially  all  the  chronology  of  stellar 
formation,  but  only  the  initial  stages  of  the  chronology  for  planet 
formation.  The  subsequent  phases,  involving  the  coagulation  of 
dust  grains  to  km-sized  planetesimals,  and  the  collisional 
accumulation  of  these  planetesimals  into  Moon-sized  planetary 
embryos  and  finally  into  the  terrestrial  planets,  were  described  by 
Wetherill  in  Year  Book  88  (pp. 101-111).  Taken  together,  these  essays 
illustrate  the  great  progress  we  have  made  in  understanding  the 
combined  process  of  star  and  planet  formation.  Perhaps  it  is  not  too 
rash  to  claim  that  we  can  now  envision  the  entire  process,  at  least  in 
outline  form,  even  though  much  remains  to  be  done. 


Short  Reports 


Vera  Rubin:  Kinematics  of  Galaxies  in 
Clusters 

Clusters  of  galaxies  offer  a  valuable 
venue  for  studying  the  kinematics  of 
galaxies.  We  can  examine  the  effects  of  a 
cluster's  high  matter  density  on  the  range  of 
physical  and  dynamical  galaxy  charac- 
teristics among  a  sample  of  galaxies  all  at 
the  same  distance  from  us. 

The  Virgo  cluster  of  galaxies,  the  nearest 
cluster,  is  especially  attractive  for  study,  for 
it  is  possible  to  observe  spirals  and  ellipti- 
cals at  high  spatial  resolution,  and  to  detect 
morphological  and  kinematical  details  in- 
visible in  galaxies  more  distant.  Jeffrey  Ken- 
ney  of  Yale  University  and  I  have  carried 
out  an  observing  program  to  obtain  spectra 
and  measure  rotation  velocities  for  about 


100  galaxies  in  the  Virgo  Cluster.  Fourteen 
of  these  galaxies  exhibit  particularly  com- 
plex motions  in  their  near-nuclear  regions. 
Among  these  is  the  unique  SO  galaxy  NGC 
4550;  John  Graham,  Kenney,  and  I  last  year 
announced  the  discovery  that  in  the  disk  of 
that  galaxy  some  stars  are  orbiting  clock- 
wise and  some  are  orbiting  counterclock- 
wise. While  NGC  4550  is  the  most  extreme 
member  of  the  set,  all  the  galaxies  are  impor- 
tant in  exhibiting  the  range  of  kinematical 
properties  available  to  galaxies — a  range 
much  broader  than  might  have  been  im- 
agined even  a  few  years  ago. 

In  a  separate  program  with  former  DTM 
fellow  Andrew  Fruchter,  I  obtained  spectra 
and  images  of  about  eighty  galaxies  in  ten 
distant  (Abell)  clusters,  in  an  effort  to  ex- 


TERRESTRIAL  MAGNETISM 


121 


amine  the  kinematics  at  the  far  end  of  the 
distance  scale,  i.e.,  galaxies  near  the  limit  of 
ground-based  observations  for  which 
kinematical  information  can  be  obtained. 
Both  of  these  long-term  programs  are  near- 
ing  completion. 

Francois  Schweizer:  Galactic  Mergers 
and  the  Formation  of  Globular  Clusters 

Globular  clusters  are  densely  packed  ag- 
gregates of  up  to  one  million  stars  long 
thought  to  be  among  the  oldest  objects  in 
the  universe.  Although  the  approximately 
150  globulars  of  our  Milky  Way  are  all  in- 
deed quite  ancient  (12-16  billion  years),  a 
few  younger  globulars  have  been  known  in 
nearby  galaxies  for  some  time.  The  dis- 
covery of  a  sprinkling  of  bluish  knots  in  two 
merging  galaxies  led  me  to  suggest  that  at 
least  some  globular  clusters  may  have 
formed  during  mergers  of  gas-rich  galaxies. 

Working  in  a  team  headed  by  former 
DTM  fellow  Bradley  Whitmore,  we  had  a 
chance  to  test  this  hypothesis  by  observing 
the  merger  remnant  NGC  7252  with  the 
Hubble  Space  Telescope.  Where  a  half- 
dozen  faint  knots  had  been  visible  from  the 
ground,  we  now  discovered  a  population  of 
over  forty  luminous,  blue,  and  just  barely  re- 
solvable clusters  that  all  appear  to  be  less 
than  one  billion  years  old.  The  brightest  two 
clusters  are  600  and  150  times  more 
luminous  than  any  globulars  in  the  Milky 
Way.  Thus  we  were  able  to  obtain  their 
spectra  with  the  Hale  5-meter  telescope  at 
Palomar,  collaborating  with  Patrick  Seitzer 
of  the  University  of  Michigan.  These  spectra 
show  unambiguously  that  both  clusters  con- 
sist of  young  stars,  are  at  the  distance  of 
their  host  galaxy,  and  are  likely  to  be 
gravitationally  bound,  making  them 
globulars.  These  young  globulars  seem  to 
have  formed  during  the  merger  of  two 
spiral  galaxies  that  began  about  one  billion 
years  ago  in  NGC  7252.  Since  the  remnant 
galaxy  now  appears  to  be  evolving  into  an 
elliptical,  the  excess  of  globulars  observed 
in  this  type  of  galaxy — formerly  thought  to 
rule  out  elliptical  formation  through 


mergers — now  appears  to  be  a  natural  con- 
sequence of  such  violent  events.  Closer  to 
home,  our  own  globulars  may  have  been 
born  as  the  forming  Milky  Way  was  bom- 
barded by  gas-rich  satellites,  and  our 
Galaxy  may  yet  experience  more  such 
episodes  in  the  future  when  the  Magellanic 
Clouds  fall  in. 

Russell  Lavery:  Evolution  of  Galaxies 
in  Rich  Clusters 

Recent  advances  in  imaging  techniques 
have  made  possible  observations  previously 
thought  unobtainable  from  ground-based 
observatories.  With  Michael  Pierce  (Kitt 
Peak  National  Observatory)  and  Robert 
McClure  (Dominion  Astrophysical  Obser- 
vatory, Victoria,  British  Columbia),  we  have 
obtained  high-resolution  images  of  distant 
galaxies  located  in  rich  clusters  younger  by 
approximately  one-third  the  age  of  the 
universe  than  nearby  cluster  galaxies.  A  sig- 
nificant fraction  of  these  distant  cluster 
galaxies  are  in  interacting  and  merging  sys- 
tems, which  is  likely  to  be  the  cause  of  the 
high  rates  of  star  formation  observed  in 
these  galaxies.  Also,  these  distant  clusters  of 
galaxies  appear  to  contain  many  more  spiral 
galaxies  than  similar  clusters  nearby,  which 
contain  predominantly  elliptical  galaxies. 
One  of  the  most  likely  explanations  is  that 
many  of  the  spiral  galaxies  that  existed  in 
the  nearby  clusters  have  merged  with  other 
galaxies  to  form  the  elliptical  galaxies  we  ob- 
serve today.  Such  processes  may  still  be 
going  on  in  some  nearby  clusters,  such  as 
the  Hercules  cluster.  We  are  now  in  the 
process  of  extending  our  high-resolution  im- 
aging survey  out  to  even  more  distant 
clusters  aged  one-half  the  age  of  the 
universe. 

John  Graham:  Regions  of  Star 
Formation 

It  is  largely  owing  to  the  advent  of  in- 
frared observing  techniques  that  our  under- 
standing of  the  basic  star-forming  process 
has  progressed  so  much  over  the  last  twen- 
ty years.  Not  only  can  we  witness  a  star's 
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birth  within  its  dense,  dusty  parent  cloud 
but  we  can  also  study  the  interaction  be- 
tween a  newly  formed  star  and  its  surround- 
ings. Within  the  protected  environment  of  a 
dense  interstellar  cloud,  dust  grains  can 
grow  by  the  accumulation  of  icy  mantles 
and  eventually  come  together  to  form  the 
basic  building  blocks  for  planetary  systems 
like  our  own. 

With  several  collaborators,  I  have  been 
studying  some  of  the  closest  locations  in  the 
sky  where  stars  like  the  Sun  are  now  being 
formed.  With  Rob  Assendorp  and  col- 
leagues at  the  Laboratory  for  Space  Re- 
search in  Groningen,  The  Netherlands,  a 
new  census  has  been  made  of  the  numerous 
embedded  young  stellar  objects  within  the 
Corona  Australis  cloud.  Observations  made 
ten  years  ago  with  the  Infrared  Astronomi- 
cal Satellite  have  been  utilized  for  this  work. 
With  Wen  Ping  Chen,  a  former  Carnegie  fel- 
low, the  incidence  of  stellar  multiplicity  in 
the  Chamaeleon  clouds  is  being  inves- 
tigated to  complement  the  theoretical  work 
discussed  by  Alan  Boss  (pp.  111-120).  The 
dust  itself  around  young,  recently  formed 
stars  is  being  studied  by  infrared  spectros- 
copy through  detailed  observation  of  the 
3-um  absorption  feature  produced  by  ice- 
covered  grains.  We  are  particularly  inter- 
ested in  how  the  circumstellar  material  is 
being  modified  by  the  turbulent  events  ac- 
companying star  birth. 

George  Wetherill:  Planetary  Origins 

With  the  help  of  many  others,  I  continue 
to  direct  my  attention  to  the  long-range  goal 
of  developing  an  internally  consistent 
theory  for  the  formation  of  planetary  sys- 
tems, of  which  our  solar  system  is  one  ex- 
ample. In  collaboration  with  Glen  Stewart 
of  the  University  of  Colorado,  we  defined  a 
quantitative  self-regulated  model  for  the  for- 
mation of  ~1026-g  planetary  embryos  from 
~1018-g  planetesimals  on  a  105-year  time 
scale  at  the  Earth's  distance  from  the  Sun. 
The  self-regulation  arises  because  the  in- 
creasing velocity  of  the  smaller 
planetesimals  tends  to  decrease  the  rate  at 


which  the  embryos  grow.  This  is  balanced 
because  the  same  higher  velocities  cause 
fragmentation  of  the  planetesimals,  fol- 
lowed by  gas-drag  reduction  of  the 
velocities  of  their  fragments,  which  causes 
their  capture  rate  to  increase.  In  addition,  a 
model  was  developed  that  successfully 
describes  the  way  in  which  these  embryos 
subsequently  spontaneously  evolve  to  pro- 
vide the  distinctive  differences  between  the 
asteroid  belt  and  the  terrestrial  planet 
region. 

Other  activities  include  showing  that 
planetary  systems  lacking  large  planets  like 
Jupiter  may  preclude  the  development  of 
highly  evolved  organisms  on  terrestrial 
planets  like  the  Earth,  and  astrometric 
studies  exploiting  the  serendipitous  oppor- 
tunity provided  by  Friday  night  high  school 
football  games  to  obtain  the  first  motion  pic- 
tures of  a  recovered  meteorite  fall.  The 
videos  permitted  us  to  determine  the  atmos- 
pheric trajectory  of  this  body,  which  fell  in 
Peekskill,  New  York.  In  collaboration  with 
two  Canadian  scientists,  Peter  Brown  and 
Robert  Hawkes,  and  Zdenec  Ceplecha  from 
the  Czech  Republic,  its  pre-encounter  orbit 
in  space  has  been  determined.  In  only  three 
other  cases  does  such  knowledge,  obtained 
from  large-scale,  long-term,  professional  sur- 
veys, exist. 

David  Williams  and  George  Wetherill: 
Size  Distribution  of  the  Main-belt 
Asteroids 

Observational  constraints  on  the  popula- 
tion of  main-belt  asteroids  are  not  reliable 
for  objects  less  than  about  30  km  in  dia- 
meter. It  is  estimated  that  there  are  about 
1000  bodies  larger  than  30  km,  but  objects 
larger  than  1  km  in  diameter  probably  num- 
ber over  100,000,  so  it  is  not  likely  we  will 
ever  know  the  exact  distribution  of  these 
small  objects  directly.  In  1969,  J.  S.  Doh- 
nanyi  found  an  analytic  solution  for  the  col- 
lisional  equilibrium  size  distribution  of 
asteroids  assuming  that  fragmentation 
properties  were  independent  of  mass. 
Dohnanyi's  "collisional  cascade"  resulted  in 
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an  equilibrium  distribution  with  size  repre- 
sented by  a  power  law  having  constant 
exponent.  He  further  showed  that  the  value 
of  the  exponent  had  almost  no  dependence 
on  fragmentation  properties  of  the 
asteroids. 

We  have  extended  Dohnanyi's  analysis 
to  include  more-general  collisional  proper- 
ties and  retained  higher-order  terms.  We 
find  the  same  power-law  solution  as  Doh- 
nanyi,  though  with  even  less  dependence 
on  how  asteroids  fragment  than  in  his 
original  analysis.  Next,  we  include  the  ef- 
fects of  self-gravity  on  inhibiting  asteroid 
disruption  but  otherwise  preserving  self- 
similarity  of  the  collision  process.  This 
destroys  the  assumption  of  mass  inde- 
pendence, and  an  analytical  solution  is  no 
longer  possible.  We  have  therefore  solved 
the  problem  numerically,  and  we  found  that 
for  bodies  with  diameters  less  than  about  10 
km  the  original  solution  holds.  For  objects 
larger  than  this,  self-gravity  plays  an  in- 
creasingly important  role.  It  is  difficult  to 
remove  fragments  from  the  very  largest 
asteroids,  so  fragments  are  not  supplied  to 
replenish  the  number  of  smaller  bodies, 
which  are  continually  being  broken  apart  by 
collisions  with  still  smaller  bodies.  This 
leaves  a  deficit  of  asteroids  of  diameter 
roughly  10-100  km,  a  condition  observed  in 
the  asteroid  belt. 

Steven  Shirey:  Applications  of  the 
Re-Os  System  to  the  Study  of  Meteorite 
Impacts 

A  problem  of  great  interest  to  those 
studying  meteorite  impacts  on  Earth  is  the 
extent  to  which  the  meteoritic  impactor 
mixes  with  target  rocks  at  the  impact  site 
and  thus  affects  the  composition  of  melted 
rocks  (impact  melts  and  tektites)  and  frag- 
mented rocks  (breccias)  that  are  produced. 
By  analogy  to  the  cratering  record  on  the 
Moon,  meteorite  impacts  played  an  impor- 
tant role  in  the  earliest  evolution  of  the 
Earth.  Through  geologic  time,  they  have 
been  a  source  of  chemically  primitive 
material  reaching  the  Earth's  surface  and 


are  thought  to  have  resulted  in  mass  extinc- 
tions. The  recent  implementation  of  the 
negative  thermal  ionization  method  for  Re- 
Os  isotopic  analysis  (see  Year  Book  90,  pp. 
58-71)  has  allowed  the  Re-Os  system  to  be 
applied  to  impact  problems  with  unprece- 
dented sensitivity.  An  ideal  situation  ob- 
tains when  the  impact  is  recent  and  situated 
on  old  continental  crust.  In  such  cases,  there 
are  great  Os  isotopic  and  abundance  con- 
trasts between  the  meteorite  (low  Os 
isotopic  composition,  high  Os  abundance) 
and  the  crustal  target  (very  high  Os  isotopic 
composition,  very  low  Os  abundance). 

Visiting  investigator  Christian  Koeberl 
and  I  analyzed  tektites  (natural  glasses  of 
crustal  composition  formed  by  melting 
during  hypervelocity  impact)  from  the 
Ivory  Coast  strewn  field;  we  also  analyzed 
impact  melts  and  target  rocks  from  the 
presumed  source  crater  in  Lake  Bosumtwi, 
Ghana.  Results  show  that  as  little  as  0.06% 
of  a  meteoritic  component  is  sufficient  to 
give  tektites  a  near-meteoritic  isotopic  com- 
position and  that  Re  and  Os  appear  to  be 
lost  during  the  impact  process.  This  type  of 
work  was  extended  to  two  other  impact 
structures  of  unknown  origin:  the  Chic- 
xulub  site,  Yucatan,  and  the  Kalkkop  struc- 
ture, South  Africa.  In  both  cases,  a  near- 
meteoritic  Os  isotopic  composition  in  old 
crustal  target  rocks  correlates  strongly  with 
elevated  Os  abundance,  providing  strong 
evidence  for  an  impact  origin  for  these  cir- 
cular structures. 

A  bright  future  in  impact  studies  for  the 
Re-Os  isotopic  system  stems  from  the 
favorable  mass-balance  between  impactor 
and  target,  the  inability  of  elemental  frac- 
tionation during  impact  to  affect  the  Os 
isotopic  compositions  of  the  mixed  rocks 
formed,  and  the  linear  mixing  relationships 
that  are  evident  on  Re-Os  isochron 
diagrams.  The  technique  should  prove  use- 
ful in  quantifying  impact  processes  and  in 
verifying  that  some  heretofore  enigmatic  cir- 
cular geologic  structures  are  indeed  impact 
related. 
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Elisabeth  Widom:  Mantle 
Heterogeneity  beneath  the 
Azores 

Extreme  chemical  and  isotopic 
heterogeneity  occurs  over  a  very 
small  area  within  the  Azores  ar- 
chipelago, and  suggests  that  at 
least  four  distinct  mantle  composi- 
tions are  mixing  to  produce  the  is- 
land basalts.  A  detailed  multi- 
isotopic  study  is  being  applied  to 
this  region  in  order  to  assess  the 
nature  and  origin  of  the  mantle 
heterogeneities.  In  addition  to  Sr- 
Nd-Pb  isotope  systematics, 
samples  are  being  analyzed  for  Th 
and  Os  isotopes,  both  of  which  are  useful 
tracers  of  recycling  of  lithospheric  material 
into  the  mantle.  Os  isotope  ratios  in  basalts 
from  the  island  of  Sao  Miguel,  rich  in  the 
EMU  mantle  component,  are  surprisingly 
constant  despite  large  variations  in  the 
other  isotope  systems,  and  limit  a  possible 
sediment  component  to  less  than  a  few  per- 
cent. Thorium  isotope  ratios,  which  provide 
the  present-day  Th/U  ratio  of  the  mantle 
sources,  are  very  low  in  the  EMII-rich 
basalts,  which  is  consistent  with  either  a 
recycled  sediment  or  subcontinental  lithos- 
pheric mantle  component.  In  contrast,  high 
(MORB-like)  Th  isotope  ratios  in  basalts  rich 
in  the  HIMU  mantle  component  support  the 
idea  that  the  HIMU  source  is  recycled 
oceanic  crust,  and  suggest  that  the  amount 
of  U  lost  from  slabs  during  subduction  is 
comparable  to  that  introduced  during 
seafloor  alteration.  The  high  U/Pb  ratio  of 
HIMU  thus  relies  on  greater  incompatibility 
of  U  compared  with  Pb  during  partial  melt- 
ing and /or  preferential  loss  of  Pb  during 
subduction. 

Louis  Brown:  New  Directions  in  Mass 
Spectrometry 

Mass  spectrometers  are  the  principal 
analytical  instruments  of  the  isotope 
geochemist.  Their  importance  at  DTM  is  un- 
derscored by  our  having  four,  one  commer- 
cially made,  the  others  built  in-house.  Of 


Postdoctoral  fellow  Elisabeth  Widom  and  staff  scientist  Louis 
Brown  examine  the  detector  energy  filter  attached  to  the  VG-35 
mass  spectrometer.  The  filter,  designed  by  Brown  and  Richard  I 
Carlson  and  built  in  the  DTM  shop,  rejects  ions  from  a  nearby 
intense  beam  that  have  undergone  a  collision  with  molecules  01 
the  residual  gas  in  the  spectrometer.  The  ions  would  otherwise 
be  detected  as  extremely  rare  ions,  thereby  falsifying  the  data. 


the  three  homemade  machines,  one  did  not 
have  resolution  sufficient  for  the  analyses 
now  required  and  another,  vital  to  the  work 
using  negative  ions,  has  a  vacuum  system 
that  is  fifteen  years  old  and  has  various 
onerous  characteristics  for  the  users,  the 
worst  being  the  excessive  time  lost  in  chang- 
ing samples..  By  gambling  six  weeks  of  shop 
time  on  a  risky  design  we  have  found  a 
very  inexpensive  and  satisfactory  solution 
to  improve  the  first  of  these  machines  by 
changing  the  magnet  so  as  to  increase  its 
focal  length.  The  limited  size  of  the  coils  re- 
quired the  use  of  a  field  that  is  not  homo- 
geneous along  the  ion  flight  path,  although 
symmetric — a  completely  untried  design 
that  proved  quite  successful.  The  negative- 
ion  machine  requires  a  complete  redesign  of 
the  vacuum  system  so  multiple  samples  can 
be  loaded;  other  improvements  will  allow 
more  flexibility  of  operation  and  improved 
data  quality.  Construction  has  begun  and  is 
expected  to  be  completed  in  a  year. 

Measurements  of  the  intensity  of  a  very 
weak  ion  beam  that  is  adjacent  to  a  very 
strong  one  are  disturbed  as  a  result  of  ions 
of  the  strong  beam  being  scattered  into  the 
detector  of  the  weak  beam  by  the  residual 
gas  of  the  vacuum.  For  this  reason,  for  in- 
stance, the  ratio  230Th/232Th,  required  in 
uranium-thorium  disequilibrium  studies, 
cannot  normally  be  measured  with  a  mass 
spectrometer  and  requires  time-consuming 
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alpha-particle  counting.  We  have  built  a 
device  capable  of  rejecting  scattered  ions  at 
the  detector  and  are  using  it  in  preliminary 
experiments.  The  present  apparatus  is  sub- 
stantially better  than  equipment  for  this  pur- 
pose manufactured  by  the  two  leading  mass 
spectrometer  suppliers.  What  we  hope  will 
be  an  even  better  model  is  now  under  con- 
struction. 

Fouad  Tera  and  Julie  Morris:  Geochem- 
ical  Investigation  of  Magma  Genera- 
tion at  the  Kurile-Kamchatka  Arc 

In  our  continued  effort  to  shed  light  on 
the  subduction  process,  we  have  analyzed 
10Be  and  9Be  in  fifty  rock  samples  covering 
the  entire  length  of  the  Kurile-Kamchatka 
arc.  This  work  was  carried  out  in  collabora- 
tion with  Andre  Tsvetkov  (Russian 
Academy  of  Sciences),  who  provided  us 
with  the  samples  and  their  petrologic 
documentation. 

The  Kamchatka  samples  from  volcanoes 
other  than  those  of  the  southernmost  sec- 
tion are  generally  impoverished  in  10Be,  the 
concentrations  ranging  from  0.2  to  1.3  x  106 
atoms  per  gram  (a/g).  In  the  southernmost 
section  the  concentration  reaches  3.5  x  106 
a/g.  In  contrast,  in  the  Kurile  section  19%  of 
the  samples  contain  >  5  x  106  a/g,  and  42% 
contain  >  3  x  106  a/g.  The  Kamchatka  sec- 
tion also  exhibits  10Be/9Be  values  generally 
lower  than  those  in  the  Kuriles.  This 
isotopic  ratio  is  not  changed  by  partial  melt- 
ing or  crystal  fractionation,  and  may  serve 
as  a  measure  of  sediment  incorporation  in 
the  source  region  of  arc  magmas.  The  data 
thus  argue  that  incorporation  of  young  sedi- 
ment is  less  in  the  Kamchatka  than  in  the 
Kurile  section  of  the  arc. 

In  collaboration  with  Jeff  Ryan  (Univer- 
sity of  South  Florida)  and  William  Leeman 
(Rice  University),  we  determined  trace  ele- 
ment concentrations  in  the  above  samples. 
Boron  concentrations  further  confirmed  our 
earlier  observation  that  this  element  is 
depleted  behind  the  front  zone  as  compared 
with  lavas  from  the  front.  This  observation 
is  consistent  with  thermal  mobilization  and 


expulsion  of  B  from  the  subducted  slab. 
Strikingly,  87Sr/86Sr  ratios  show  the  same 
pattern  of  decreasing  values  across  the  arc. 
Non-volatile  elements,  such  as  barium,  do 
not  show  an  effect  of  source  depth  on  con- 
centration. As  in  other  arcs,  trace  element 
correlations  yield  linear  trends  consistent 
with  chemical  homogenization  along  the  en- 
tire length  of  the  arc. 

Richard  Carlson:  History  of  Chemical 
Variation  in  the  Mantle 

Variations  in  the  abundances  of  isotopes 
produced  by  natural  radioactive  decay  pro- 
vide a  time-integrated  record  of  changes  in 
the  chemical  composition  of  a  rock  sample 
caused  by  geologic  processes.  Working  with 
A.  J.  Irving  of  the  University  of  Washington, 
I  completed  a  multi-isotopic  study  of  in- 
clusions of  mantle  rock  carried  to  the  sur- 
face by  52-million-year-old  volcanism  in 
Montana.  Our  measurements  document  an 
extended  history  of  chemical  modification 
in  the  mantle  beneath  this  ancient  continen- 
tal block  dating  from  its  formation  more 
than  2.7  billion  years  ago.  A  prominent 
event  recorded  at  1.8  billion  years  is  at- 
tributed to  an  influx  of  fluids  and  /or  melts 
derived  from  crustal  subduction  during  the 
continental  collision  that  formed  the 
northwestern  border  of  the  craton. 

In  a  parallel  collaborative  project  with 
former  DTM  fellows  Sonia  Esperanca  and 
David  Lambert,  I  visited  Brazil  for  the  col- 
lection of  samples  of  80-120  million-year- 
old  kimberlitic  rocks  which  occur  over 
much  of  southern  Brazil.  The  project  was 
undertaken  in  order  to  define  better  the 
roles  that  thick,  rigid,  mantle  roots  beneath 
ancient  continental  crust  play  in  the  long- 
term  preservation  of  the  continents  and  in 
controlling  the  chemical  characteristics  and 
eruptive  locality  of  continental  volcanism. 
Preliminary  data  for  crustal  inclusions  in 
one  of  the  kimberlites  show  that  the  2.7-bil- 
lion-year-old  materials  of  the  Sao  Francisco 
craton  extend,  at  depth,  much  farther  south 
than  recognized  previously. 
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David  James:  The  Deep  Lithosphere 
beneath  Continents 

The  nature  of  deep  lithospheric  roots 
beneath  ancient  continental  interiors  and 
the  persistence  of  those  roots  over  billions 
of  years  remain  continuing  and  elusive 
problems.  While  studies  of  mantle  nodules 
brought  up  in  kimberlite  pipes  show  that 
cratonic  roots  extend  to  at  least  200  km 
depth,  there  is  much  seismological  data  to 
indicate  that  the  roots  may  go  much  deeper. 
Previous  seismic  results,  however,  are  based 
on  data  acquired  from  instruments  spaced 
thousands  of  kilometers  apart  and  conse- 
quently of  low  resolving  power.  The  new 
state-of-the-art  portable  broadband  seis- 
mographic  systems  recently  acquired  by 
DTM  can  be  deployed  in  closely  spaced  ar- 
rays, which  provide  unprecedented  power 
to  image  the  deep  structure  of  continents  on 
geologically  significant  scales. 

Late  in  1992,  in  collaboration  with  col- 
leagues at  the  University  of  Sao  Paulo,  we 
began  deployment  of  an  array  of  ten  broad- 
band digital  seismic  systems  across 
southeastern  Brazil.  The  region  was  selected 
as  a  classic  example  of  continental  shield  for- 
mation and  cratonic  stabilization.  The 
present  Brazilian  lithosphere  formed  in  late 
Precambrian  times,  when  a  mosaic  of 
heterogeneous  cratonic  blocks  and 
microplates  of  varying  ages  were  amal- 
gamated to  form  the  Gondwana  supercon- 
tinent.  The  area  is  ideally  suited  for  seismic 
studies  because  it  is  thoroughly  illuminated 
by  a  highly  active  belt  of  subduction  zone 
earthquakes  associated  with  the  nearby  An- 
dean arc.  The  seismic  array,  which  will 
remain  in  place  for  at  least  18  months, 
traverses  the  four  major  tectonic  provinces 
of  southeastern  Brazil — the  Archean  Sao 
Francisco  craton,  the  surrounding  late 
Proterozoic  Brasiliano/ Pan- African  mobile 
belts,  the  intracratonic  Parana  Basin,  and 
the  coastal  Ribeira  belt,  a  complex  transcur- 
rent  shear  system.  Our  long-range  goal  is  to 
map  the  lithosphere  beneath  each  of  these 
regions  by  the  analysis  of  body-wave  travel 
times,  by  waveform  inversion  of  boundary 


interaction  phases,  from  surface-wave  dis- 
persion, and  by  measurement  of  shear-wave 
splitting.  We  expect  to  obtain  an  integrated 
lithospheric  structure,  including  an  estimate 
of  the  composition  and  vertical  extent  of  the 
lithospheric  roots  beneath  the  Brazilian 
shield.  The  question  is  especially  pertinent 
in  view  of  the  recent  discovery  of  majorite 
garnet  inclusions  in  diamonds  of  the  Sao 
Francisco  craton,  apparently  indicating 
depths  of  origin  of  300-400  km.  If  it  can  be 
confirmed  seismically  that  the  lithosphere 
does  indeed  extend  to  such  depths,  it  will 
have  major  implications  for  mantle 
dynamics  and  the  long-term  convective 
stability  of  continents. 

Selwyn  Sacks:  Effect  of  Seamounts  on 
Great  Shallow  Earthquakes 

The  greater  part  of  global  seismicity  is 
due  to  interaction  between  the  subducting 
seafloor  and  adjacent  continental  or  oceanic 
regions.  Generally  the  seafloor  is  covered 
with  weak  sediments  which  are  de-watered 
and  metamorphosed  in  the  first  10-20 
kilometers  after  subduction,  only  deeper 
developing  sufficient  strength  to  support 
great  earthquakes.  This  sediment  cover  is 
penetrated  by  many  long-extinct  volcanic 
edifices,  called  seamounts,  which  can  be 
some  tens  of  kilometers  in  diameter  and  a 
few  kilometers  high. 

To  identify  subducted  seamounts,  we  ex- 
amined the  seismicity  in  the  vicinity  of 
seamount  groups.  Such  a  group  is  recog- 
nized by  an  active  seismic  "knot"  which  is 
static  in  both  time  and  space.  In  Japan, 
epicentral  data  are  available  since  1926,  but 
great-event  locations  are  known  for  more 
than  1000  years.  We  identified  subducted 
seamounts  near  the  Hokkaido  corner  and 
also  in  southern  Tohoku.  We  found  that  a 
field  of  seamounts  inhibit  great  earthquakes 
but  cause  clusters  of  many  smaller  (M  ~  7) 
events.  In  these  areas  the  stressed  region 
seems  limited  to  the  vicinity  of  the 
seamount,  which  is  consistent  with  the  ob- 
served limited  maximum  magnitudes. 
Larger,  repeated  events  (M  ~  8)  are  bounded 
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by  seamount  chains  but  occur  on  smooth 
seafloor.  The  great  Philippine  Sea 
earthquakes  in  the  Tonankai  and  Nankaido 
regions  are  bounded  by  dense  seamount 
chain  subduction  and  separated  by  a 
smaller  chain.  While  these  events  have 
recurrence  times  of  order  one  century,  the 
eastern  and  western  sections  fail  within 
days  to  a  few  years  of  each  other.  This  pat- 
tern suggests  that  the  strong  coupling  by  a 
seamount  group  can  act  as  a  barrier  to 
propagation  of  an  earthquake  rupture  even 
when  high  stress  exists  on  both  sides. 
Seamounts,  and  such  other  features  as  aseis- 
mic  ridges,  apparently  have  a  substantial  ef- 
fect on  the  mode  of  earthquake  occurrence 
in  subduction  zones.  While  more  globally 
extensive  studies  are  required  for  confirma- 
tion, their  action  as  an  asperity  to  con- 
centrate stress  release  and  as  a  barrier  to 
earthquake  rupture  propagation  seems  clear. 

Raymond  Russo:  Caribbean  Tectonics, 
Shallow  Earth  Structure,  and  Plate 
Motion 

Unraveling  the  complex  tectonics  of  the 
Caribbean  region  is  being  tackled  using  the 
collection  of  broadband  seismic  data  from 
the  DTM  Venezuela-Trinidad  network,  and 
by  an  analysis  of  earlier  seismic  data  from 
the  area.  The  Caribbean  plate  is  slow- 
moving  and  has  geologically  complex  boun- 
daries that  pass  through  heavily  populated 
areas.  To  improve  the  record  of  seismicity 
on  the  longest  time-scale  possible,  I  am 
relocating  historic  (1900-1963)  earthquakes 
throughout  the  Caribbean  region  with  the 
goal  of  accurately  assessing  the  long-term 
modes  of  seismic  moment  release.  From 
records  of  teleseismic  events  on  the  broad- 
band network  I  am  determining  crustal  and 
upper  mantle  structure  in  northeastern 
Venezuela  and  Trinidad  by  means  of  the 
receiver  function  method  and  the  inversion 
of  surface  waves.  Paul  Silver  and  I  are  deter- 
mining directions  of  seismic  anisotropy  in 
the  mantle  from  shear-wave  splitting  obser- 
vations, with  an  aim  toward  testing  models 
of  mantle  flow  in  the  vicinity  of  the  Andean, 


Middle  America,  Scotia,  and  Caribbean  sub- 
duction zones.  This  work  should  help  estab- 
lish the  relationships  between  plate  motions 
and  mantle  flow  in  subduction  and  strike- 
slip  settings. 

Paul  Silver:  Geysers  as  Regional 
Strainmeters 

Visiting  investigator  Nathalie  Valette-Sil- 
ver  and  I  recently  established  a  relationship 
between  the  occurrence  of  large  northern 
California  earthquakes  and  the  interval  be- 
tween eruptions  (IBE)  of  the  Old-faithful 
Geyser  of  Calistoga,  California.  We  found 
that  for  the  three  largest  earthquakes  in  the 
time  interval  1973-1991  (the  time  for  which 
geyser  data  were  available)  within  a  250-km 
radius  of  the  geyser,  there  was  both  a  coseis- 
mic  (at  the  time  of  the  earthquake)  and  a 
precursory  (before  the  earthquake)  change 
in  the  IBE  of  the  geyser.  These  three  events 
were  the  1989  Loma  Prieta  earthquake  (M  = 
6.9),  the  Morgan  Hill  earthquake  of  1984 
(M  =  6.2),  and  the  Oroville  earthquake  of 
1975  (M  =  6.1).  The  precursory  changes 
began  1-3  days  before  the  earthquakes.  In 
the  case  of  the  Loma  Prieta  earthquake, 
there  was  a  similar  preseismic  signal  on  a 
strainmeter  at  the  Presidio  near  San  Francis- 
co, about  midway  between  the  geyser  and 
the  earthquake,  providing  confirmation  of 
the  precursory  signal  seen  at  the  geyser. 

These  observations  have  several  interest- 
ing implications.  First,  they  indicate  that 
there  is  an  observable  precursory  change  in 
tectonic  strain  before  some  northern  Califor- 
nia earthquakes,  a  necessary  (but  not  suffi- 
cient) condition  for  successful  earthquake 
prediction.  Second,  because  all  three  of  the 
events  were  more  than  100  km  from  the 
geyser,  it  appears  not  only  that  the  passage 
of  seismic  waves  can  produce  measurable 
static  strain  changes  at  great  distance  (see 
below),  but  precursors  to  earthquakes 
might  more  easily  be  found  at  some  dis- 
tance from,  rather  than  within,  the  ultimate 
rupture  zone  of  an  impending  earthquake. 

We  have  begun  to  follow  up  on  the  im- 
plications of  our  initial  geyser  study,  which 
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points  to  hydrothermal  areas  as  particularly 
sensitive  indicators  of  changes  in  regional 
strain.  We  have  set  up  a  geyser-monitoring 
system  in  Yellowstone  (with  R.  Hutchinson, 
Yellowstone  Geologist;  Ben  Pandit  and 
Michael  Acierno,  DTM;  and  R.  Barna,  RAB 
Electric).  Two  monitors  were  deployed  in 
June,  and  five  more  will  be  added  within 
the  year.  We  will  examine  the  relation  be- 
tween geyser  activity  and  seismicity  to  un- 
derstand more  generally  the  response  of 
geysers  to  tectonic  strain.  Finally,  in  an  at- 
tempt to  obtain  data  on  a  regional  scale  in 
California,  we  have  made  preliminary  plans 
to  determine  instrumentally  well-water 
levels  (which  can  often  be  used  as  calibrated 
strainmeters)  in  hydrothermal  (and  non- 
hydrothermal)  areas  over  a  broad  zone 
covering  much  of  tectonically  active  Califor- 
nia (with  J.  Bredehoeft  and  F.  Riley  of  the 
U.S.G.S.).  The  first  of  these  efforts  will  be  in 
the  Calistoga  area  because  of  its 
demonstrated  sensitivity  to  tectonic  strain. 

Alan  Linde  and  Selwyn  Sacks:  Strain 
Transients  and  Triggered  Seismicity 

Large  earthquakes  are  followed 
by  aftershocks  whose  spatial 
distribution  usually  gives  a 
measure  of  the  size  of  the  rup- 
ture zone  of  the  main  shock.  But 
the  Landers,  California, 
earthquake  (M  =  7.5)  in  June 
1992  triggered  seismicity  at  dis- 
tances far  exceeding  the  dimen- 
sion of  the  fault  rupture.  This 
remote  seismicity  occurred 
predominantly  in  areas  of 
geothermal  activity,  including 
the  Long  Valley  area  near 
Yosemite  National  Park.  The 
large  increase  in  seismic  activity 
was  spread  over  some  weeks, 
with  the  major  increase  during 
the  first  four  days  following  the 
main  shock.  The  triggered 
earthquakes  have  the  same  spa- 
tial distribution  as  the  back- 
ground activity  and  are  likely 


also  to  be  caused  by  the  magma  body  under 
Long  Valley.  A  nearby  Sacks-Evertson 
borehole  strainmeter  recorded  a  large  strain 
excursion,  with  contraction  of  about  250 
nanostrain  during  the  four  days  when  the 
increase  in  seismicity  was  most  evident. 
This  strain  appears  to  have  relaxed  over  the 
next  several  tens  of  days. 

We  are  exploring  the  hypothesis  that  the 
strain  transient  and  the  triggered  seismicity 
both  result  from  increased  pressure  in  the 
magma  body  due  to  the  rising  of  bubbles. 
The  bubbles  may  have  been  produced 
during  the  rarefaction  stage  of  pressure 
waves  in  the  magma  caused  by  seismic 
shaking,  or,  more  likely,  existing  bubbles 
held  down  near  the  bottom  by  surface  ten- 
sion may  have  been  liberated  by  the  shak- 
ing. For  a  basaltic  magma,  the  viscosity 
allows  bubbles  of  dimensions  a  few  mm  to 
rise  a  kilometer  or  so  in  four  days,  the  time 
over  which  the  crustal  contraction  increase 
occurs.  Rock  permeability  is  such  that  the 
decay  of  the  strain  (and  seismicity)  can  be 
explained  by  pressure  decrease  in  the 
magma  as  gas  or  liquid  is  lost  due  to  over- 
pressure. 


At  the  site  of  a  borehole  strainmeter  installation  in  Skaholt, 
Iceland  are  staff  scientist  Alan  Linde  (center),  and  Kristjan 
Agustsson  (left)  and  Ragnar  Stefansson  of  the  Iceland  Meteoro- 
logical Office,  Reykjavik.  The  two  institutions  have  been 
collaborating  on  a  strain  project  in  southern  Iceland  since  1979. 
The  objective  is  to  observe  any  possible  strain  changes  before, 
during,  and  following  an  expected  moderate-size  earthquake. 
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Alan  Linde  and  Selwyn  Sacks: 
Modeling  the  1991  Hekla  Eruption 

Sacks-Evertson  borehole  strainmeters  in- 
stalled in  southern  Iceland  provided  con- 
tinuous recordings  of  crustal  deformation 
during  the  eruption  of  the  Hekla  volcano  in 
January  1991.  Even  though  the  instruments 
are  no  closer  than  15  km  from  the  volcano 
center,  the  strain  changes  are  very  clear  and 
have  a  high  signal-to-noise  ratio.  From  these 
data  we  have  been  able  to  model  the  erup- 
tion in  terms  of  magma  ascending  from  a 
reservoir,  at  a  centroid  depth  of  6.5  km,  to 
the  surface  by  the  forcing  open  of  a  dike 
about  85  cm  wide.  From  the  strain  data  at 
the  nearest  site  we  are  able  to  determine  the 
surface  breakout  time  to  within  a  minute. 
Clearly  recognizable  strain  changes  began 
about  thirty  minutes  earlier  as  the  rising 
magma  deformed  the  surrounding  rock. 
This  observation  allows  us  to  estimate  the 
speed  of  magma  ascent  at  about  10  km/hr. 
Model  parameters  determined  solely  from 
the  strain  changes  over  the  two  days  of  the 
main  phase  of  the  eruption  yield  good 
agreement  with  the  erupted  volume  and 
with  horizontal  displacements  determined 
from  Global  Positioning  System  measure- 
ments made  about  18  months  before  the 
eruption  and  then  again  soon  after.  These 
types  of  observations  offer  the  promise  of 
providing  new  insight  into  the  mechanics  of 
volcanic  eruptions. 

Ingi  Bjarnason  and  Sean  Solomon: 
Seismic  Signatures  of  Melt  Generation 
and  Mantle  Flow  Beneath  Northern 
Iceland 

Oceanic  crustal  material  is  created  by 
the  pressure-release  melting  of  upwelling 
mantle  beneath  mid-ocean  ridges.  The 
details  of  the  mantle  flow  pattern  and  the 
processes  by  which  melt  segregates  and  as- 
cends to  crustal  levels,  however,  are  poorly 
understood.  There  is  reason  to  expect  that 
many  of  these  characteristics  are  amenable 
to  measurement  by  seismic  techniques,  in- 
cluding the  three-dimensional  isotropic  seis- 
mic velocity  and  attenuation  fields 


(sensitive  to  temperature  and  to  the  volume 
fraction  and  distribution  of  partial  melt) 
and  the  anisotropy  of  seismic  wave  speeds 
(a  signature  of  flow-induced  ordering  of 
mantle  olivine  grains). 

As  a  first  step  toward  demonstrating 
the  feasibility  of  such  techniques,  we  have 
begun  an  experiment  to  image  seismically 
the  upper  mantle  beneath  the  Mid-Atlantic 
Ridge  in  northern  Iceland.  With  these  meas- 
urements we  will  be  able  to  determine 
several  aspects  of  the  geometry  and  physi- 
cal state  of  the  region  of  partial  melting  in 
the  shallow  upper  mantle,  along  with  the 
broad  pattern  of  mantle  flow  beneath  and 
away  from  the  spreading  center  and  hot 
spot  in  Iceland.  Regional  and  teleseismic 
data  will  be  recorded  with  an  array  of 
broadband  portable  seismic  instruments. 
From  surface-wave  phase  velocities  and 
body-wave  travel  time  delays  we  will  con- 
struct images  of  compressional  and  shear 
velocity  in  the  upper  mantle  down  to  -150- 
km  depth  beneath  the  spreading  center  and 
to  distances  of  300  km  (15  million  years  in 
age)  from  it.  The  images  will  give  a  picture 
of  the  vertical  and  lateral  extent  of  the  melt- 
ing region,  an  indication  of  the  percentage 
of  partial  melt,  and  information  on  along- 
axis  variation  in  structure  with  distance 
from  the  hot  spot  center.  Seismic  anisotropy, 
deduced  from  shear-wave  splitting,  will  con- 
strain the  flow  pattern  of  the  mantle 
beneath  the  ridge  system.  It  should  be  pos- 
sible on  the  basis  of  seismic  velocity  images 
and  anisotropy  measurements  to  distin- 
guish among  theoretical  models  for  mantle 
upwelling  and  melt  generation  beneath  this 
part  of  the  ridge.  This  experiment  should 
provide  important  data  for  comparison 
with  the  eventual  results  of  conceptually 
similar  seismic-imaging  experiments 
planned  with  networks  of  ocean-bottom 
seismometers  along  the  fast-spreading  East 
Pacific  Rise. 

Sean  Solomon:  Tectonic  Resurfacing 
on  Venus 

Venus  is  the  planet  most  similar  to  Earth 
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Magellan  radar  image  of  the  impact  crater 
Isabella,  the  second-largest  crater  on 
Venus  at  approximately  175  km  in 
diameter.  Radar-bright,  rough-textured 
ejecta  extending  up  to  two  crater  radii 
from  the  crater  center  and  the  remarkable 
bright  flow  features  extending  hundreds 
of  kilometers  from  the  crater  walls  are 
thought  to  date  from  the  impact  event  and 
have  not  been  subsequently  modified  to 
any  significant  degree  by  later  defor- 
mation or  volcanism  exterior  to  the  crater. 


in  terms  of  mass,  radius,  and  solar  distance, 
but  radar  mapping  of  the  surface  by  the 
Magellan  spacecraft  has  revealed  that  the 
tectonic  and  volcanic  evolution  of  Venus  is 
anything  but  what  one  might  expect  for 
Earth's  sister  planet.  The  density  of  impact 
craters  visible  on  Venus  indicates  that  the 
surface,  on  average,  is  about  500  million 
years  old.  Two  remarkable  aspects  of  the  im- 
pact crater  population  are  that  the  distribu- 
tion of  craters  in  all  size  ranges  is 
indistinguishable  from  that  of  a  random 
population  and  that  most  craters  have  not 
been  significantly  modified  by  tectonic 
strain  or  by  volcanic  flows  external  to  the 
crater  rim  despite  evidence  from  Magellan 
images  that  volcanic  and  tectonic  features 
are  widespread  on  Venus.  One  interpreta- 
tion of  these  observations  is  that  most  of  the 
surface  dates  from  the  end  of  a  catastrophic 
global  resurfacing  event  that  ceased  about 
500  million  years  ago,  and  that  the  small 
fraction  of  craters  volcanically  embayed  or 
modified  by  deformation  indicate  that  vol- 
canic and  tectonic  activity  subsequent  to 
that  time  has  been  at  much  lower  levels.  A 
competing  scenario,  in  which  resurfacing  oc- 
curs episodically  in  patches  a  few  hundred 
kilometers  in  extent  and  there  is  a  wider 
spectrum  of  surface  ages,  also  appears  to  be 
consistent  with  the  characteristics  of 
Venusian  impact  craters.  Potential 


mechanisms  for  catastrophic  resurfacing  of 
Venus  range  from  geologically  sudden  con- 
vective  destabilization  of  the  global  litho- 
sphere  to  strongly  time  dependent  heat  flux 
and  melt  generation  in  the  underlying 
mantle.  For  most  of  these  mechanisms, 
resurfacing  occurs  by  volcanic  burial. 

An  alternative  hypothesis  I  have  been 
pursuing  is  that,  at  least  in  the  geologically 
recent  history  of  Venus,  the  primary  resur- 
facing mechanism  has  been  tectonic  defor- 
mation rather  than  volcanism.  Because  the 
rate  of  surface  strain  should  be  controlled 
by  the  temperature-dependent  strength  of 
the  lower  crust,  a  geologically  rapid  transi- 
tion in  surface  strain  rates  should  be  the 
natural  result  of  planetary  cooling.  This 
transition  would  occur  at  comparable  times 
for  areas  of  similar  crustal  thickness  and 
heat  flow  (e.g.,  the  widespread  plains  of 
Venus),  but  would  be  delayed  for  regions  of 
thicker  or  hotter  crust  (Venusian  highlands). 
The  end  of  the  era  of  high  rates  of  tectonic 
resurfacing  could  thus  appear  as  a 
"catastrophe"  over  the  80%  of  the  planet 
with  an  elevation  within  1  km  of  the  mean, 
while  continued  deformation  would  give 
rise  to  "episodic"  resurfacing  to  much 
younger  times  in  the  highlands,  a  result  con- 
sistent with  lower  crater  densities  seen  in 
highland  regions. 
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The  Observatories 


Preparation  for  the  Magellan  telescope  at  Manqui,  Las  Campanas  Observatory.  Workmen 
drill  holes  and  inject  expansive  cement  to  fracture  rock  at  the  telescope  site. 


The  Director's  Introduction 

The  increasing  specialization  of  science  poses  particular 
challenges  to  small  research  groups,  such  as  those  in  the 
departments  of  the  Carnegie  Institution.  In  the  early  years  of  this 
century,  Carnegie's  astronomy  department,  the  Mount  Wilson 
Observatory,  covered  the  full  spectrum  of  observational  astronomy. 
With  the  burgeoning  of  new  technologies  and  the  exploration  of 
new  regions  of  the  electromagnetic  spectrum,  astronomy  today  is  a 
vastly  broader  field,  and  a  small  department  which  attempted  to 
cover  everything  in  it  would  lose  all  coherence. 

Instead  we  carefully  choose  our  piece  of  the  territory,  based  on 
our  facilities,  our  traditions,  our  vision,  and  our  aspirations.  In  the 
case  of  the  Carnegie  Observatories  our  territory  is  cosmic  history,  or 
that  part  of  the  story  that  can  be  investigated  with  optical 
observational  telescopes.  This  field  is  vast,  activity  in  it  is  vigorous, 
and  opportunity  abounds.  This  is  where  the  Magellan  telescope 
will  make  its  impact.  Our  staffing  choices  are,  and  will  be,  guided 
by  this  conception  of  our  mission. 

We  try  to  cover  as  much  of  this  territory  as  a  small  group  can 
while  making  sure  that  we  can  still  talk  to  one  another,  and  we 
continue  to  see  our  efforts  as  part  of  a  coherent  whole.  Our  main 
activities  today  center  around  measurement  of  the  cosmic 
expansion,  the  description  of  the  large-scale  structure  in  the 
distribution  and  motions  of  galaxies,  the  exploration  of  the 
properties  of  galaxies  at  large  redshifts,  investigations  of  quasars 
and  the  properties  of  intergalactic  matter,  studies  of  the  oldest  star 
clusters,  and  studies  of  the  composition  of  the  oldest  stars  and  of 
the  chemical  evolution  of  galaxies. 
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I  am  confident  of  the  choices  made  by  our  community,  but  we 
do  need  to  keep  aware  that  much  else  of  interest  is  going  on  in 
other  places.  For  news,  gossip,  and  stimulus,  neighbors  are 
invaluable.  For  astronomers  there  are  no  shortages  of  these  in 
California.  The  Carnegie  Observatories  are  privileged  to  have  as 
closest  neighbor  the  California  Institute  of  Technology.  Institutional 
relations  between  Carnegie  and  Caltech  have  had  their  ups  and 
downs  but,  fortunately,  intellectual  stimulus  is  largely  independent 
of  such  matters.  With  the  anticipated  imminent  arrival  of  new 
research  results  from  the  Keck  Telescope,  the  Carnegie 
Observatories  anticipate  no  lack  of  stimulus  from  our  big  neighbor. 

Other  connections  that  bring  us  face  to  face  with  the  novel  are 
also  to  be  cherished.  So  it  was  a  particular  pleasure  when  George 
Isaak  came  to  see  me  and  told  me  of  his  wish  to  erect  one  station  of 
a  global  network  of  solar  research  stations  on  Las  Campanas. 
Carnegie  had  an  illustrious  history  of  solar  research  on  Mount 
Wilson,  but  that  was  over,  and  this  was  new  and  very  exciting. 
Miguel  Roth,  director  of  the  Las  Campanas  Observatory,  and  his 
staff  gave  enthusiastic  help,  and  the  Las  Campanas  automatic  solar 
station  was  brought  into  being  in  1991.  In  his  essay  in  this  Year 
Book,  Isaak  gives  an  account  of  its  work. 

A  similar  opportunity  occurred  when  Steve  Shectman  and  Ian 
Thompson  came  to  see  me  about  some  ideas  they  had  of 
implementing  a  program  at  Las  Campanas  to  check  predictions 
Bohdan  Paczynski  had  made  about  the  occurrence  of  gravitational 
lensing  of  stars  by  intervening  stars.  The  observational  program 
needed  was  vast,  and  analyzing  the  data  would  require  a  very 
dedicated  team  of  researchers  devoting  their  full  efforts  to  the  task. 
Eventually,  a  collaboration  between  Carnegie  and  the  University  of 
Warsaw  was  created,  with  Princeton's  Paczynski  as  intellectual 
stimulator  and  the  cement  of  the  collaboration.  The  first  fruits  of 
that  collaboration  are  described  in  Paczynski's  essay  here.  Our 
intention  is  to  make  the  collaboration  a  deeper  one:  The  University 
of  Warsaw  plans  to  erect  a  telescope  at  Las  Campanas  dedicated  to 
massive  photometric  surveys,  such  as  the  one  described  here. 

These  two  essays  by  visiting  research  associates  of  the  Carnegie 
Observatories  describe  activities  that  are  aside  from  the  main 
direction  of  our  work.  We  welcome  these  collaborations  precisely 
for  this  reason.  Reading  these  essays,  you  will  realize,  too,  that  we 
welcome  them  because  these  particular  collaborators  share  with 
Carnegie  astronomers  the  strong  conviction  that  good  science 
results  from  arrangements  that  foster  imagination,  effort,  and 
precision,  but  also  are  receptive  to  surprise  and  delight. 

— Leonard  Searle 
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The  Optical  Gravitational  Lensing  Experiment 

by  Bohdan  Paczynski* 

Except  for  the  wandering  planets  and  occasional  meteorites, 
comets,  or  guest  stars  (now  called  novae  or  supernovae),  the 
sky  seemed  to  be  a  very  stable,  unchanging  realm  to  astronomers 
observing  it  over  the  millenia.  It  was  not  until  a  few  centuries  ago 
that  variability  in  the  appearance  of  some  stars,  like  Algol  or  Beta 
Lyrae,  was  noticed.  Over  the  ensuing  years,  tens  of  thousands 
of  variable  stars  were  discovered.  In  fact  all  stars, 
including  our  Sun,  are  observed  to  vary,  though  the  vast 
majority  vary  by  less  than  1%  in  brightness.  There  are 
many  reasons  for  the  variability.  The  most  common  are 
stellar  pulsations,  eclipses  caused  by  close  companions, 
and  a  variety  of  more  or  less  violent  explosions.  The 
number  of  types  of  stellar  variability  probably  exceeds 
one  hundred,  and  new  types  are  found  every  year. 
Astronomers  learn  about  stellar  masses,  sizes,  and 
internal  structure  by  the  careful  analysis  of  the  observed 
variability. 

A  new  type  of  variability  was  predicted 
independently  by  many  astronomers  a  few  decades  ago: 
gravitational  microlensing.  Such  variations  have  nothing 
to  do  with  the  source  of  light,  be  it  a  distant  quasar  or  a 
relatively  nearby  star.  They  are  caused  by  the  changes  in  the 
geometry  of  space  between  the  source  and  the  observer  while  a 
massive  compact  object  moves  across  the  line  of  sight.  The 
curvature  of  space  was  predicted  by  Einstein's  general  theory  of 
relativity  and  confirmed  in  the  1919  solar  eclipse  expedition  led  by 
Sir  Arthur  Eddington:  It  was  discovered  that  the  positions  of  stars 
observed  near  the  solar  limb  are  displaced  as  a  consequence  of  the 
slight  distortion  of  space  caused  by  the  Sun's  gravity. 

Many  properties  of  gravitational  lensing  and  many  fascinating 
discoveries  were  described  by  Jerome  Kristian  in  last  year's  Year 
Book  (pp.  24-34).  A  very  important  consequence  of  the  lensing  is 
that  a  source  can  be  seen  along  different  light  paths,  i.e.  there  may 


The  author  of  this  essay,  Bohdan  Paczynski,  is  Professor  of  Astrophysics  at  Princeton 
University.  He  is  the  leader  of  the  collaborative  effort,  named  OGLE  and  described  here, 
between  astronomers  of  the  Carnegie  Observatories  and  of  the  Observatory  of  the 
University  of  Warsaw,  Poland.  Paczynski's  theoretical  predictions  were  used  in  the 
design  of  the  OGLE  program,  which  uses  the  powerful  imaging  capabilities  of  the  Swope 
Telescope  at  Carnegie's  Las  Campanas  Observatory.  As  this  Year  Book  goes  to  press  the 
Warsaw  team  has  announced  the  discovery  of  the  first  gravitational  lensing  event  to  be 
discovered  from  the  massive  data-base  of  images  obtained  at  Las  Campanas.  Professor 
Paczynski  is  a  visiting  research  associate  of  the  Carnegie  Observatories.  — L.S. 
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be  many  images  of  the  source.  In  general,  the  lensed  images  are 
distorted,  as  if  viewed  through  a  window  made  of  uneven  glass, 
and  their  apparent  brightness  is  altered  from  that  of  the  source.  The 
locations  of  the  images  as  well  as  their  brightness  depends  on  the 
structure  of  the  lens,  i.e.  on  the  mass  distribution  within  the  lens, 
and  on  the  geometrical  alignment  between  source,  lens,  and 
observer. 

When  the  lensing  mass  is  as  large  as  a  galaxy  or  a  cluster  of 
galaxies,  then  a  few  images  of  a  distant  source  are  separated  by  an 
arc  second,  or  even  a  few  tens  of  arc  seconds,  and  can  be  seen 
directly.  This  phenomenon  is  frequently  called  "macrolensing." 
However,  when  the  lensing  objects  are  stars,  then  the  images  are 
separated  by  about  a  micro  arc  second  if  the  source  is  at  a 
cosmological  distance,  or  by  about  a  milli  arc  second  if  it  is 
somewhere  within  our  Galaxy.  Naturally,  there  is  no  way  to  see  the 
separate  images  in  such  a  case.  However,  as  all  objects  have  some 
proper  motions,  the  alignment  of  the  source,  the  lens,  and  the 
observer  changes  all  the  time,  and  that  makes  the  combined 
intensity  of  all  images  vary. 

It  turns  out  that  the  characteristic  time  scale  for  these  variations 
is  in  the  range  of  weeks  to  years,  depending  on  the  distances,  and 
hence  it  is  easy  to  monitor.  M.  J.  Irwin  et  ah  in  1989  reported  the 
first  convincing  case  of  microlensing  by  monitoring  the  quadruply 
macrolensed  quasar  Q2237+0305.  This  was  a  relatively  easy  task,  as 
the  astronomers  knew  which  object  to  monitor:  That  quasar  was 
already  known  to  be  lensed  by  an  intervening  galaxy,  and  as  it  was 
well  known  that  galaxies  were  made  of  stars,  all  four  images  were 
expected  to  be  microlensed  at  one  time  or  another. 

Unfortunately,  in  the  case  where  a  star  in  our  Galaxy  is  the 
source  of  light  and  another  star  is  the  lens,  then  it  turns  out  that  the 
probability  is  very  low  of  an  alignment  so  perfect  that  the 
brightness  of  either  image  is  changed  appreciably.  Over  the  past 
few  decades  many  astrophysicists  discovered  this  fact 
independently,  and  the  effect  remained  just  a  theoretical  curiosity. 
The  last  of  the  series  of  such  theoretical  papers  was  written  in  1986 
by  Paczynski,  who  noted  that  if  the  dark  halo  of  our  Galaxy  is  made 
of  massive  compact  objects,  and  if  one  would  monitor  about  one 
million  stars  in  the  Magellanic  Clouds,  then  at  any  given  time  the 
apparent  luminosity  of  one  of  those  stars  would  be  increased  by 
more  than  30%  as  a  consequence  of  microlensing.  At  that  time,  i.e. 
just  seven  years  ago,  monitoring  one  million  stars  seemed  to  be  a 
hopeless  task.  However,  the  nature  of  dark  matter  was  one  of  the 
most  important  unsolved  problems  in  astrophysics.  There  were 
many  speculations  about  the  composition  of  the  dark  matter,  from 
sub-atomic  particles  to  supermassive  black  holes.  Sophisticated 


OBSERVATORIES  143 

experiments  were  under  way  to  detect  or  eliminate  some  forms  of 
dark  matter.  Many  problems  related  to  the  dark  matter  were 
described  last  year  by  Mario  Mateo  (Year  Book  91,  pp.  34-44). 

Just  a  few  years  after  the  publication  of  Paczynski's  paper, 
David  P.  Bennett  and  Charles  Alcock  realized  that  the  technology 
had  advanced  to  the  point  that  it  was  now  feasible  to  monitor  the 
variability  of  millions  of  stars  and  to  analyze  the  data  in  real  time. 
Kim  Greist,  who  was  on  their  team,  improved  the  theoretical 
analysis  of  the  problem  and  invented  the  name  which  caught  on: 
MAssive  Compact  Halo  Objects,  or  MACHO's.  The  MACHO  search 
became  the  name  of  the  project.  The  American-Australian 
collaboration  led  by  Charles  Alcock  was  the  first  to  set  the  detection 
of  the  MACHO's  as  their  goal,  using  a  dedicated  1.2-meter 
telescope  at  Mount  Stromlo  and  building  an  eight-chip  CCD 
camera.  Soon  afterwards  a  French  team  entered  the  competition 
using  telescopes  of  the  European  Southern  Observatory  and, 
originally,  photographic  plates  only.  Both  teams  decided  to  monitor 
stars  in  the  Magellanic  Clouds — i.e.,  they  concentrated  their  effort 
on  the  detection  of  the  hypothetical  objects  in  the  Galactic  halo. 

There  is  widespread  scepticism  about  such  enterprises  and 
doubts  about  the  feasibility  of  processing  rapidly,  and  with 
understanding,  the  huge  volume  of  data.  To  make  the  task  even 
more  complicated,  the  very  rare  microlensing  events  have  to  be 
distinguished  from  zillions  of  variable  stars  of  many  types  and 
from  possible  subtle  instrumental  effects.  If  we  are  to  find  a 
phenomenon  that  is  one  in  a  million  we  have  to  understand  our 
experimental  system  very  well  indeed.  And  there  is  no  way  to 
know  that  MACHO's  actually  exist.  Suppose  we  find  no 
microlensing  events:  Can  we  be  confident  that  MACHO's  do  not 
exist,  or  does  this  mean  that  we  were  simply  unable  to  isolate  the 
very  rare  cases  of  light  variability  induced  by  the  lensing?  Such 
considerations  led  Bohdan  Paczynski,  and  independently  Kim 
Greist,  to  look  for  an  alternative  location  in  the  sky  where  the 
microlensing  must  be  present. 

There  is  such  a  location:  There  are  millions  of  stars  in  the 
Galactic  Bulge,  all  close  to  the  Galactic  center,  and  these  stars  are 
seen  though  the  Galactic  disk  full  of  ordinary  stars.  The  disk  stars 
are  known  to  exist,  we  know  their  distribution  and  their  masses, 
and  we  may  estimate  how  often  a  randomly  chosen  star  in  the 
Galactic  Bulge  would  undergo  a  light  variation  caused  by  a  disk 
star  passing  near  the  line  of  sight. 

There  is  a  problem:  There  is  also  plenty  of  interstellar  dust  in 
the  Galactic  disk,  and  that  dust  obscures  the  stars  near  the  Galactic 
center,  so  they  are  not  detectable  in  the  optical  domain.  Fortunately, 
there  are  irregularities  in  the  dust  distribution,  and  there  are 
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numerous  "holes"  through  which  we  can  see  some  parts  of  the 
Galactic  Bulge  fairly  clearly.  The  best  known  of  these  is  the  Baade 
Window,  located  just  4  degrees  south  of  the  Galactic  center. 
Theoretical  calculations  indicate  that  at  any  given  time  one  star  out 
of  two  million  in  the  Baade  Window  should  be  increased  in  its 
apparent  brightness  by  more  than  30%,  and  that  a  typical  duration 
of  such  event  should  be  a  few  weeks.  This  is  only  half  the  rate 
expected  for  stars  in  the  Magellanic  Clouds,  but  there  is  a 
difference.  Almost  all  microlensing  events  of  the  Cloud  stars  are 
expected  to  be  caused  by  MAC  HO' s,  which  may  not  exist.  Almost 
all  microlensing  events  of  the  Bulge  stars  are  expected  to  be  caused 
by  M-type  dwarfs  in  the  Galactic  disk,  and  these  dwarfs  are  well 
known  to  exist.  Therefore,  even  though  the  expected  rate  of 
microlensing  events  in  the  Baade  Window  is  somewhat  lower,  such 
events  must  happen.  If  the  experiment  does  not  find  them — well, 
something  is  wrong  with  the  experiment.  In  other  words, 
observations  of  the  Galactic  Bulge  are  the  best  way  to  calibrate 
these  difficult  observations,  as  well  as  the  whole  data  processing 
system. 

Soon  after  Paczynski  and  Greist  published  their  papers  in  1991, 
a  new  collaboration  was  formed  between  the  observers  at  the 
Carnegie  Observatories  and  the  Warsaw  University  Observatory. 
George  W.  Preston  and  Mario  Mateo  of  the  Carnegie  Observatories 
had  been  interested  in  the  Galactic  Bulge  as  well  as  in  studies  of 
variable  stars  for  many  years.  Janusz  Kaluzny  and  Andrzej  Udalski 
of  the  Warsaw  University  Observatory  were  also  studying  variable 
stars  using  modern  CCD  detectors.  They  all  knew  Princeton 
theoretician  Bohdan  Paczynski,  who  had  been  a  variable  star 
observer  when  working  with  George  Preston  at  Lick  Observatory 
three  decades  earlier.  They  realized  that  without  building  any  new 
equipment,  taking  the  existing  1 -meter  Swope  Telescope  at  the  Las 
Campanas  Observatory,  the  CCD  camera  built  by  Ian  Thompson  of 
Carnegie  Observatories,  and  using  only  the  bright  moon  time,  a  lot 
of  measurements  of  Galactic  Bulge  stars  could  be  made.  In  fact, 
during  the  first  observing  season,  April-August  1992  (described  by 
Mario  Mateo  in  Year  Book  91,  pp.  41-44),  a  total  of  almost 
100,000,000  photometric  measurements  were  made  for  about 
1,500,000  stars.  The  second  observing  season,  April-August  1993,  is 
likely  to  generate  a  similar  volume  of  data. 

How  could  the  team  of  Carnegie  and  Warsaw  observers  keep 
up  with  data  flow  of  this  magnitude?  The  first  major  step  was  made 
by  Mario  Mateo,  who  modified  the  DoPHOT  photometric  software, 
making  it  many  times  faster  and  tailoring  it  so  that  it  works  very 
efficiently  in  very  crowded  star  fields,  like  that  shown  on  page  43  in 
Year  Book  91.  Next,  Michal  Szymanski  and  Andrzej  Udalski 
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developed  the  software  system  for  automatic  data  acquisition  and 
processing,  as  well  as  the  "early  warning  system,"  which  lets  the 
observer  know  that  any  one  of  over  a  million  stars  constant  in  the 
1992  observing  season  is  changing  its  luminosity.  The  advances  in 
computer  technology  made  the  implementation  reasonably 
inexpensive.  Finally,  the  project  got  its  name — Optical  Gravitational 
Lensing  Experiment,  or  OGLE. 

At  this  writing  (August  1993),  no  clear  case  of  gravitational 
microlensing  has  been  noticed,  but  that  is  not  surprising  given  the 
volume  of  data  collected  and  analyzed  so  far.  However,  a  highly 
robust  and  almost  fully  automated  data  processing  software  has 
been  developed,  and  the  foundations  have  been  laid  for  the 
detection  of  any  rare  case  of  stellar  variability,  including  those 
caused  by  microlensing.  Also,  just  as  expected,  a  wealth  of 
interesting  astronomical  results  has  been  generated.  So  far  about 
3,000  periodic  variable  stars  have  been  found  in  a  systematic  and 
automated  search.  Most  of  these  are  close  binaries,  and  many  are 
pulsating  stars.  Within  a  few  months  when  the  selection  effects  are 
quantitatively  assessed,  the  OGLE  catalogue  of  variable  stars  will 
be  published,  to  become  the  unique  data  base  for  studies  of  the 
Galactic  Bulge  and  the  disk.  As  an  example  the  light  curves  of  24 
variable  stars  discovered  by  the  OGLE  are  shown  in  Figure  1. 

The  forthcoming  catalog  will  make  new  studies  of  the  stellar 
populations  and  stellar  evolution  possible.  It  will  also  select  the 
very  rare  case  of  simple  eclipsing  binaries  having  a  structure  not 
complicated  by  mass  transfer  between  the  components.  Such 
binaries  near  the  Sun  are  the  best  source  of  our  information  about 
stellar  masses  and  radii.  When  such  systems  are  selected  in  the 
Galactic  Bulge,  then  the  follow-up  photometric  and  spectroscopic 
observations  will  determine  accurate  masses,  radii,  as  well  as  the 
distances  to  those  systems,  and  this  will  provide  more-accurate 
information  about  the  age  and  the  evolutionary  status  of  the 
Bulge. 

In  due  course  the  OGLE  will  provide  enough  data  and 
understanding  of  the  statistical  properties  of  stellar  variability  that 
the  very  rare  microlensing  events  will  be  discovered.  The  known 
disk  stars,  mostly  M-type  dwarfs,  will  give  rise  to  events  of  several- 
week  duration.  If  a  significant  fraction  of  the  disk  mass  is  in  brown 
dwarfs,  or  even  planets,  their  presence  will  be  revealed  by  micro- 
lensing events  a  few  days,  or  a  few  hours,  in  duration,  respectively. 

Most  of  the  OGLE  observations  were  made  in  the  I  band,  i.e.  in 
the  near-infrared,  but  some  were  made  in  the  V  band,  i.e.  in  the 
visual.  Color-magnitude  diagrams  were  obtained  for  all  the 
observed  fields,  containing  over  one  million  stars.  As  examples, 
two  such  diagrams  are  presented  in  Figures  2  and  3. 
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Fig.  1.  The  light  curves  of  24  periodic  variables  found  in  the  OGLE.  Most  variables 
are  contact  binaries,  some  are  pulsating  stars,  and  some  are  eclipsing  binaries.  By 
now  the  number  is  approximately  3,000,  and  rising. 


Figure  2  is  for  the  central  region  of  the  Baade  Window.  On  the 
left  (Fig.  2a)  the  actual  data  are  shown;  on  the  right  is  a  diagram 
labelled  to  facilitate  the  following  description.  The  vast  majority  of 
the  observed  stars  are  in  the  Galactic  Bulge,  and  they  form  a  fairly 
well  defined  sequence:  the  red  giant  branch  (RG),  the  red  clump 
(RC),  the  subgiant  branch  (SG),  all  the  way  down  to  the  turn-off 
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Fig.  2.  The  location  of  approximately  105  stars  on  the  V  vs.  (V-  D  color-magnitude 
diagram  is  shown  in  the  left  panel  for  a  small  part  of  the  Baade  Window  (/  «  1  °,  b  ~ 
-4°).  The  panel  on  the  right  represents  the  same  diagram.  Locations  of  the  Galactic 
Bulge  stars  are  indicated  as  RG  (red  giants),  RC  (red  clump),  SG  (subgiants)  and  TOP 
(turn-off  point);  location  of  disk  stars  is  indicated  as  DMS  (disk  main  sequence). 
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Fig.  3.  The  location  of  approximately  105  stars  in  the  V  vs.  (V- 1)  color-magnitude 
diagram  is  shown  in  the  left  panel  for  the  Terndrup  Field  (I  ~0°,b  ~  -8°).  The 
panel  on  the  right  represents  the  same  diagram.  Locations  of  Galactic  Bulge  stars 
are  indicated  as  RG  (red  giants),  HB  (horizontal  branch),  SG  (subgiants)  and  TOP 
(turn-off  point);  disk  stars  are  indicated  as  DMS  (disk  main  sequence)  and  DTOP 
(disk  turn-off  point). 

point  (TOP).  (The  Bulge  main  sequence,  which  is  expected  to  be 
located  below  the  turn-off  point,  is  made  of  stars  too  faint  to  be 
detectable  by  the  OGLE.)  Near  the  detection  limit  the  observational 
errors  are  large,  and  the  sequence  formed  by  the  Bulge  stars 
becomes  somewhat  diffuse.  Some  scatter  apparent  for  the  bright 
stars,  like  those  in  the  red  clump,  is  due  to  variable  interstellar 
extinction  as  well  as  to  the  range  of  distance  to  the  Bulge  stars.  In 
any  case,  the  location  of  the  Bulge  stars  in  the  color-magnitude 
diagram  was  no  surprise.  Also,  as  no  surprise  came  a  difference  in 
the  shape  of  the  diagram  at  various  Galactic  latitudes.  There  is  a 
pronounced  red  clump  in  the  Baade  Window  and  practically  no 
horizontal  branch  (Fig.  2),  while  there  is  hardly  any  red  clump 
present  in  the  Terndrup  Field  but  there  is  a  fairly  clear  horizontal 
branch  (Fig.  3).  This  is  a  consequence  of  gradient  in  the  chemical 
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composition:  The  stars  closer  to  the  Galactic  center  are  richer  in 
heavy  elements. 

A  truly  unexpected  feature  in  the  color-magnitude  diagrams  is 
the  disk  main  sequence.  Everybody  knows  there  are  stars  in  the 
Galactic  disk,  but  they  are  believed  to  be  distributed  more  or  less 
uniformly  over  all  distances  between  us  and  the  Galactic  Bulge. 
Hence,  no  clear  main  sequence  was  expected  in  the  V  vs.  (V  - 1) 
diagram.  Yet,  the  OGLE  observations  indicate  that  the  majority  of 
disk  stars  as  observed  in  the  Baade  Window  form  a  fairly  narrow 
sequence,  which  implies  that  most  of  them  are  at  about  the  same 
distance,  approximately  2  kiloparsecs  away  from  us. 

Why  is  this  so  puzzling?  After  all,  it  is  well  known  that  there  is 
a  spiral  arm  approximately  2  kiloparsecs  from  us  in  the  direction 
toward  the  Galactic  center,  and  it  is  well  known  that  many  new 
stars  are  formed  in  every  spiral  arm.  However,  the  clear  main 
sequence  is  present  in  the  OGLE  color-magnitude  diagrams  all  the 
way  down  to  stars  with  the  observed  color  index  V- 1  =  1.4. 
Allowing  for  the  interstellar  reddening  this  corresponds  to  (V-  Do 
~  0.8,  i.e.  to  stars  of  about  solar  mass,  with  lifetimes  up  to  1010 
years.  This  is  many  times  longer  than  the  Galactic  rotation  period, 
so  the  stars  went  through  a  series  of  spiral  arms  many  times. 
Therefore,  the  disk  stars  measured  by  the  OGLE  had  been  born 
over  many  passages  through  the  spiral  arms,  and  yet  they  form  a 
structure  which  is  very  much  denser  than  the  regions  either  closer 
to  us  or  more  distant  from  us.  In  other  words,  the  OGLE  results 
imply  that  not  only  the  young  stars  but  also  the  old  stars  trace  the 
spiral  arms,  and  the  arms  may  have  a  very  much  higher  density 
contrast  than  hitherto  believed.  This  requires  rethinking  the 
theories  of  formation  of  the  spiral  structure. 

Given  that  the  OGLE  color-magnitude  diagrams  show  the 
presence  of  the  spiral  arm  at  about  2  kiloparsecs,  the  next  result  is 
not  surprising.  While  the  main  sequence  in  the  Baade  Window 
extends  to  fairly  blue  stars  at  (V  -  Do  ~  0.3,  the  main  sequence 
observed  farther  from  the  Galactic  plane,  in  the  Terndrup  Field,  has 
a  turn-off  point  at  (V  -  Do  ~  0.6;  i.e.  it  is  much  redder.  The  spiral 
arm  is  observed  through  the  Baade  Window  at  Galactic  latitude 
b  ~  -4°,  i.e.  at  a  distance  of  approximately  150  parsecs  from  the 
Galactic  plane.  In  the  Terndrup  Field,  at  b  ~  -4°,  it  is  observed  at 
approximately  300  parsecs  from  the  plane.  These  OGLE  results 
indicate  that  while  there  are  some  very  blue,  i.e.  very  young,  stars 
on  the  disk  main  sequence  in  the  Baade  Window,  the  youngest  disk 
stars  in  the  Terndrup  Field  are  a  few  times  109  years  old.  In  other 
words,  the  young  stars  are  more  strongly  concentrated  toward  the 
Galactic  plane  than  the  old  stars.  This  is  just  as  expected,  though 
the  effect  has  been  now  demonstrated  more  clearly  and  directly 
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with  the  OGLE  data. 

The  discovery  of  a  strong  spiral  structure  apparently  traced  by 
the  old  disk  stars  begs  for  a  question:  Are  the  low-mass  disk  stars 
also  strongly  concentrated  in  or  near  the  spiral  arms?  This  is  a  very 
interesting  problem  in  its  own  right,  as  it  is  related  to  the 
understanding  of  the  structure  of  our  Galaxy.  Also,  it  has  important 
consequences  for  gravitational  microlensing.  The  past  theoretical 
estimates  of  the  rate  of  events  were  based  on  a  model  of  our  Galaxy 
in  which  the  disk  stars,  and  in  particular  the  low-mass  stars,  were 
distributed  uniformly,  unaffected  by  the  spiral  structure.  However, 
the  disk  mass  is  mostly  in  old  low-mass  stars,  and  a  typical 
microlensing  event  is  expected  to  be  caused  by  an  M-type  dwarf.  If 
these  dwarfs  are  in  fact  strongly  concentrated  in  or  near  the  spiral 
arms,  the  theoretical  analysis  of  the  microlensing  has  to  be  re-done. 

It  seems  that  the  OGLE  suffers  from  the  problem  common  to 
almost  all  scientific  research:  it  raises  more  questions  than  it 
answers,  even  as  it  answers  questions  we  were  not  asking.  These 
are  among  the  most  interesting  questions  and  answers. 


Global  Solar  Oscillations 

by  George  Isaak* 

The  Sun's  importance  has  been  appreciated  by  mankind  since 
the  dawn  of  time.  It  has  also  contributed  substantially  to  our 
understanding  of  physics  and  astronomy.  Thus  the  Sun  helped 
Copernicus,  Kepler,  Newton,  Einstein,  Eddington,  and  others  to 
formulate  and  test  the  laws  of  motion  and  gravitation,  and 
Herschel,  Wollaston,  Fraunhofer,  Kirchhoff,  and  Bunsen  to 
introduce  spectral  analysis.  Lockyer  applied  it  to  discover  helium, 
the  element  of  the  Sun  and  named  after  it.  Cosmic  magnetic  fields 
were  first  seen  in  sunspots  by  Hale,  and  Eddington  speculated 
about  nuclear  energy  driving  the  Sun's  output  years  before 
laboratory  experiments  could  provide  details  of  the  reactions.  The 
Sun  continues  to  this  day  to  contribute,  as  will  be  seen  below. 

Global  solar  oscillations  are  standing  sound  waves  analogous  to 
those  in  a  musical  organ.  These  sound  waves  are  generated  by  the 
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noise  produced  by  the  turbulence  in  the  outer  parts  of  the  Sun  and 
travel  with  very  little  attenuation  through  the  entire  Sun.  Their 
speed  depends  on  the  temperature  and  chemical  composition  of  the 
medium  they  pass  through.  They  then  set  up  standing  waves,  as 
indicated  in  Figure  1,  which  show  up  as  an  up-and-down  motion  of 
the  surface  regions.  This  corresponds  to  a  velocity  and  causes  a 
Doppler  shift  of  the  observed  solar  spectral  lines,  which  can  then  be 
measured.  Such  studies  are  analogies  of  seismology  of  the  Earth's 
interior,  and  consequently  the  topic  is  referred  to  as  solar 
seismology,  or  helioseismology  Whereas  light  can  travel  only  a 
short  distance  in  the  solar  interior  before  it  is  scattered,  sound 
waves  pass  through  the  Sun  almost  unhindered,  and  their 
frequencies  give  us  information  on  the  interior  structure  of  the  Sun. 

Historically,  oscillations  in  luminosity  have  been  observed  in  a 
variety  of  variable  stars,  e.g.  in  Cepheids  since  the  18th  century, 
even  though  the  interpretation  and  the  significance  of  the 
phenomenon  did  not  become  clear  until  about  a  hundred  years  ago. 
Observations  showed  clearly  that  large  luminosity  oscillations  are 
also  associated  with  Doppler  shifts  due  to  large  velocity 
oscillations,  as  was  to  be  expected  from  radial  oscillations  of  a 
gaseous  sphere  such  as  a  star. 

Velocity  oscillations  of  small  portions  of  the  solar  disk  were 
similarly  seen  in  the  early  1960's  by  Leighton  and  collaborators,  but 
neither  were  they  interpreted  as  such  nor  was  their  significance 
appreciated  for  many  years  thereafter.  In  1975  Deubner  showed 
that  the  oscillations  were  more  extended  and  showed  some 
structure  in  space  and  in  time,  as  had  been  anticipated  by  Ulrich 
and  Leibacher  and  Stein  in  1970. 

Meanwhile,  the  present  author's  work  was  in  progress  at  the 
University  of  Birmingham.  Research  student  Bill  Brookes,  colleague 
Bob  van  der  Raay,  and  the  author  in  1971  set  out  to  search  for  very 
small  Doppler  shifts  due  to  radial  oscillations  of  the  Sun  as  a  whole. 
We  used  a  small  coelostat  to  feed  sunlight  into  an  extremely 


Fig.  1 .  A  radial  mode  is  formed  from  rays  which  travel 
exactly  radially  into  the  Sun's  interior  and  penetrate  right 
into  the  core;  it  shows  up  at  the  surface  as  a  global 
expansion  and  contraction. 

Depicted  here:  When  a  ray  departs  from  the  radial 
direction  it  is  deflected  more  and  more  from  it  as  it  travels 
into  the  hotter  interior  until  it  travels  parallel  to  the 
surface.  It  can  form  standing  waves  when  it  retraces  its 
path  and  reinforces  itself;  these  waves  are  of  progressively 
higher  complexity  as  measured  by  the  number  of  nodes 
around  the  equator.  Two  such  modes  are  shown  here,  one 
having  three  nodes  and  the  other  six.  It  can  be  seen  that 
the  rays  penetrate  to  greater  depth  the  fewer  the  nodes. 
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Fig.  2.  The  Earth's  rotation  provides  acccurately  known  Doppler  shifts  in  the 
course  of  a  day,  and  produces  changes  in  the  instrumental  response  depicted  in  the 
curving  lines  in  Figure  2a  (left  plot).  After  subtracting  these  known  changes  in  the 
instrumental  response,  small  oscillating  residues  remain,  seen  here  magnified  by  a 
factor  of  twenty  as  wobbles  along  the  zero  residual  value.  These  are  the  global 
oscillations  of  the  Sun,  which  are  barely  resolved  into  the  constituent  frequencies 
in  the  power  spectrum  shown  in  Figure  2b,  at  right.  These  data  were  acquired  at 
the  Las  Campanas  station  on  June  20, 1993. 


sensitive  and  stable  optical  resonant  scattering  spectrometer.  In  this 
and  in  our  present  spectrometers,  atoms  in  the  surface  layers  of  the 
Sun  are  directly  compared  with  identical  atoms  in  the  form  of  an 
atomic  vapor,  either  of  sodium  or  of  potassium,  contained  in  a 
small  cell  in  a  magnetic  field.  This  makes  it  possible  to  measure  the 
displacement  of  a  solar  line  with  respect  to  the  laboratory  atomic 
standard,  and  to  calibrate  the  radial  velocity  by  removing  effects  of 
the  Earth's  spin.  When  the  Sun  is  observed  in  the  course  of  a  day, 
the  changing  relative  velocity  due  to  the  Earth's  rotation  shows  up 
as  a  variation  in  response,  as  shown  in  Figure  2a.  Solar  velocity 
oscillations  show  up  as  wobbles  on  top  of  the  daily  curve,  readily 
seen  when  the  Earth's  velocity  relative  to  the  Sun  is  subtracted,  as 
seen  in  Figure  2a.  In  order  to  show  the  individual  frequency 
components  which  are  responsible  for  the  observed  oscillation  a 
standard  Fourier  analysis  is  used.  Such  an  analysis  shows  the 
presence  of  frequencies  near  3  milliHz,  or  periods  near  5  minutes, 
with  amplitudes  of  less  than  a  foot  per  second,  as  shown  in  Figure 
2b. 

In  order  to  observe  from  a  good  site,  we  took  our  apparatus  to 
the  Pic  du  Midi  Observatory  in  the  French  Pyrenees  in  1974.  From 
1975  on,  we  located  our  spectrometer  at  an  even  sunnier  site — on 
the  island  of  Tenerife — and  when  as  a  result  of  this  a  Spanish 
research  student  Teo  Roca  Cortes  joined  us  in  1976  and  two  more 
collaborators  shortly  thereafter,  Andre  Claverie  and  Clive  McLeod, 
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Fig.  3.  The  spectrum  from  data  acquired  from  two  stations,  in  Tenerife  and  Hawaii, 
during  88  days  in  1981  is  shown  here.  Much  better  resolution  is  seen.  Spectra  of 
this  or  even  higher  quality  make  possible  precise  frequency  measurements  of  the 
solar  modes  and  inferences  of  the  kind  discussed  in  the  text.  The  spectrum  shown 
here  is  the  first  of  high  quality  in  existence  and  is  thus  of  historical  interest. 


more-ambitious  schemes  could  be  pursued.  In  1978  and  1979  we 
operated  spectrometers  from  Pic  du  Midi  as  well  as  from  Tenerife 
during  the  summer  months,  and  the  independent  observations 
helped  to  establish  convincingly  that  a  pattern  of  nearly  equally 
spaced  characteristic  frequencies,  or  modes,  having  periods 
between  four  and  eight  minutes,  was  a  real  phenomenon.  The 
amplitudes  were  less  than  one  foot  per  second,  and  some  thirty 
discrete  frequencies  emerged  above  the  observed  noise  level.  A 
French-American  expedition  to  the  South  Pole  by  Eric  Fossat, 
Gerard  Grec,  and  Martin  Pomerantz  in  1980  was  able  to  acquire 
some  120  hours  of  uninterrupted  data  and  thereby  confirm  and 
extend  these  studies.  In  the  next  year  we  managed  to  observe  for 
some  88  days  from  Tenerife  and  Maui,  Hawaii,  giving  us  up  to  22 
hours  of  data  per  day.  We  have  been  endeavoring  to  improve  on 
the  resultant  magnificent  spectrum  (Fig.  3)  ever  since,  as  will  be 
discussed  shortly.  The  topic  took  off  thereafter,  and  interest  in  solar 
seismology  flourished. 

In  order  to  produce  clean  and  highly  resolved  Fourier  spectra  it 
is  necessary  to  have  long  and  uninterrupted  data.  Whenever  a  wave 
is  modulated  in  amplitude  the  original  frequency  is  spread  out  and 
the  central  amplitude  is  reduced.  This  is  very  familiar  in  radio  and 
TV  broadcasting  and  requires  stations  to  have  sufficiently  separated 
frequency  allocations  to  avoid  mutual  interference.  In  our 
observations  a  single  site  provides  data  with  a  normal  day-night 
cycle,  and  consequently  individual  mode  frequencies  have 
additional  strong  artifact  frequencies,  called  sidebands,  on  either 
side  and  with  a  spacing  of  one  cycle  per  day.  When  the  spectrum 
contains  many  modes,  barely  detectable  above  the  noise,  the 
confusion,  decrease  in  amplitude,  and  added  noise  is  serious.  In  the 
solar  case  this  is  even  worse,  as  nature  is  unkind  to  us  in  conspiring 
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to  make  the  spacing  between  some  of  the  modes  nearly  equal  to 
this  artifact  spacing  and  the  measurement  thereof  very  difficult. 
This  "fine  spacing"  in  frequency  is  between  radial  modes  which 
penetrate  to  the  very  core  of  the  Sun  and  prolate-oblate 
oscillations — the  quadrupole  modes — which  do  not  probe  as 
deeply.  As  the  shallower  regions  are  sampled  by  both  sets  of  modes 
nearly  identically,  that  fine  spacing  provides  a  sensitive  measure  of 
conditions  in  the  core.  The  reduced  amplitudes  and  added  noise 
limit  the  frequency  range  over  which  the  modes  can  be  seen. 

We  decided  in  1975  to  overcome  these  problems  by  trying  to 
establish  a  network  of  stations  around  the  Earth.  I  visited  Kitt  Peak 
Observatory,  among  many  others  in  the  USA  including  Mount 
Wilson  and  Palomar  Mountain,  during  the  Easter  period  in  1976  to 
find  a  suitable  site;  it  is  amusing  that  Kitt  Peak  was  the  only  one  not 
then  interested  in  the  project,  whereas  today  it  is  the  center  of  the 
GONG  network  group,  which  is  setting  up  a  more  ambitious 
network.  After  selecting  Palomar  Mountain  as  the  best  site,  we 
were,  unfortunately,  not  funded  by  the  Science  and  Engineering 
Research  Council  in  the  UK  and  were  unable  to  make  use  of  that 
Observatory's  kind  offer.  Some  ten  years  later,  mainly  with  a  key 
colleague,  Roger  New,  we  managed  to  build,  with  strong  University 
support,  a  somewhat  primitive  semi-automatic  station  in 
Carnarvon,  Western  Australia:  an  optical  resonant  scattering 
spectrometer,  held  in  an  equatorially  mounted  yoke  inside  a  small 
microcomputer-controlled  dome,  which  yet  today  tracks  the  Sun 
from  sunrise  to  sunset  and  records  the  data  on  magnetic  disk.  This 
exercise  helped  demonstrate  to  the  funding  bodies  that  automatic 
stations  are  possible.  Yvonne  Elsworth  joined  as  a  staff  member  at 
that  stage,  and  we  could  be  even  more  ambitious.  Based  on  the 
Carnarvon  prototype  we  completed  a  larger  instrument  in  a  larger 
yoke  as  a  prototype  to  be  used  for  development,  testing,  and 
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training  in  a  dome  in  Birmingham  in  1989.  Today,  we  have  six 
stations,  unfortunately  of  various  vintages,  around  the  globe, 
together  with  the  one  in  Birmingham.  They  are  (with  the  year  of 
startup)  Tenerife  (1975),  Mount  Wilson  (1992),  Carnarvon  (1985), 
Sutherland,  South  Africa  (1990),  Las  Campanas,  Chile  (1991)  and 
Narrabri,  in  eastern  Australia  (1992).  The  last  three  stations  are  of 
the  same  design  as  the  Birmingham  prototype.  Today  the  group 
includes  those  mentioned,  i.e.  van  der  Raay,  McLeod,  New,  and 
Elsworth,  as  well  as  Rachel  Howe,  Sarah  Wheeler,  and  Brek  Miller, 
in  addition  to  the  author  and  a  group  under  Roca  Cortes  operating 
the  original  Tenerife  station  in  a  manual  mode. 

Over  the  last  18  years  we  have  been  getting  data  of 
progressively  higher  quality  and  precision.  By  measuring  for 
extremely  long  times  even  these  low  frequencies  of  the  individual 
solar  oscillations  are  found  to  an  accuracy  approaching  one  part  in 
100,000:  These  are  the  most  accurately  measured  parameters 
pertaining  to  the  physics  of  the  Sun.  This  accuracy  allows  a  variety 
of  inferences,  a  few  of  which  will  be  outlined  below. 

A  peak-to-peak  frequency  variation  of  1  in  7000  between  solar 
cycle  minimum  and  maximum,  with  a  maximum  frequency  at  solar 
maximum,  is  seen.  It  is  not  yet  clear  whether  changes  in  the  size  of 
the  Sun  or  in  the  speed  of  sound  in  the  interior,  or  a  combination  of 
the  two,  are  responsible.  Clearly  additional  parameters,  such  as  the 
solar  radius,  should  be  measured  to  isolate  the  causes  and  help 
clarify  the  origin  of  the  solar  cycle. 

The  fine  frequency  spacing  between  the  radial  mode 
frequencies  and  the  quadrupole  modes,  alluded  to  before,  has  now 
been  measured  for  many  modes  to  a  high  precision.  Theoretical 
standard  models  of  the  Sun  by  Christensen-Dalsgaard  provide  a 
fair  but  not  quite  perfect  fit.  As  models  are  evolved  by  a  computer 
in  order  to  follow  the  evolution  of  the  Sun  over  the  aeons,  it  follows 
that,  unless  the  fair  agreement  we  see  now  is  just  a  fortuitous 
coincidence,  the  Sun's  past  evolution  is  indeed  correctly  described. 
Among  the  theoretical  consequences  is  a  low  solar  luminosity,  some 
76%  of  the  present  value,  some  3.7  billion  years  ago.  Sedimentary 
rocks  from  that  time  seem  to  prove  that  liquid  water  was  present  on 
the  Earth,  and  current  climatic  models  suggest  that  some  kind  of 
ancient  greenhouse  effect  was  required  in  order  to  prevent  an  ice 
cover  over  the  Earth. 

Another  inference  concerns  the  so-called  solar  neutrino 
problem  and  its  possible  resolution.  Some  25  years  ago,  R.  Davis 
and  his  collaborators,  and  more  recently  three  other  groups,  began 
to  detect  neutrinos,  which  are  expected  to  be  produced  in  fusion 
reactions  in  the  core  of  the  Sun.  All  observations  show  fewer 
neutrinos  than  are  theoretically  expected.  J.  Bahcall  summarized 
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this  finding  by  saying  that  either  astronomy  or  physics  is 
responsible  for  this  dilemma — i.e.,  lack  of  knowledge  either  of  the 
astrophysical  conditions  in  the  solar  core  or  of  the  nuclear  reaction 
rates  and  properties  of  neutrinos.  Extensive  laboratory 
measurements  and  computations  suggest  that  the  relevant  nuclear 
reaction  rates,  as  well  as  the  neutrino  detection  process,  are 
correctly  understood.  Thus  it  appears  that  it  is  either  the  physical 
conditions  in  the  solar  core  or  the  properties  of  neutrinos  that  are 
not  understood.  Already  in  the  late  1960's  a  suggestion  was  made 
by  Pontecorvo  that  neutrinos  might  have  some  mass,  and  might 
conceivably  oscillate  between  various  ghost-like  states  in  traveling 
through  even  a  vacuum,  and  thereby  change  from  a  state  which  is 
detectable  in  such  apparatus  to  one  which  is  not.  Some  eight  years 
ago  Mikheyev  and  Smirnov,  extending  some  theoretical  work  of 
Wolfenstein,  showed  that  these  oscillations  could,  under  conditions 
which  prevail  in  the  Sun,  be  enhanced.  However,  in  order  for 
oscillations  of  either  kind  to  occur  it  is  essential  that  neutrinos  have 
a  finite,  possibly  very  small,  mass. 

The  agreement  between  observation  and  standard  models  of 
the  Sun  seems  to  suggest  that  the  so-called  solar  neutrino  problem 
is  neither  from  a  lowered  solar  core  temperature  due  to  hydrogen 
mixing  into  the  core  nor  due  to  the  presence  of  weakly  interacting 
massive  particles,  WIMPS  or  cosmions,  as  was  suggested  by  some 
theoreticians.  It  suggests  that  it  is  indeed  a  problem  in 
understanding  neutrinos,  as  already  indicated,  with  profound 
implications  for  particle  physics  and,  possibly,  cosmology. 

Neutrino  oscillations  would  require  an  extension  of  the 
standard  model  of  particle  physics,  and  go  beyond  the  current 
achievements  of  today's  accelerators.  Were  the  heaviest  neutrinos  to 
have  a  mass  of  tens  of  electron  volts,  neutrinos  would  contribute 
substantially  to  the  dark  matter  of  the  universe  and  might  in  fact  be 
its  principal  constituents.  All  the  visible  matter  of  the  universe  may 
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then  be  but  an  impurity  in  the  sea  of  neutrinos. 

Our  most  recent  work  suggests,  however,  that  the  fit  to  current 
solar  models  is  not  quite  perfect  and  that  the  data  are  best 
reproduced  with  a  model  of  a  Sun  some  0.6  billion  years  older  than 
the  radioactively  determined  age  of  the  Earth  of  4.6  billion  years. 
As  the  Sun  is  presumed  to  be  only  slightly  older,  any  discrepancy 
between  expectations  and  "facts"  suggests  that  our  current 
theoretical  prejudices  are  overestimating  its  evolutionary  age  and, 
most  likely,  the  ages  of  other  stars.  A  possible  cause  of  such  an 
overestimate  is  gravitational  settling  of  helium  into  the  solar  core, 
which  then  mimicks  a  more  highly  evolved  star.  Such  a  finding  is 
also  consistent  with  an  earlier  one  by  D.  Gough  and  collaborators, 
based  on  seismology  of  the  outer  parts  of  the  Sun,  that  the  helium 
content  in  the  outer  parts  is  somewhat  lower  than  would  be 
expected  from  the  primeval  helium  content  enhanced  by  the 
evolution  of  the  interstellar  medium  out  of  which  the  Sun 
condensed.  Such  an  overestimate  may  well  explain  the 
cosmological  dilemma  that  the  theoretically  oldest  stars  in  our 
Galaxy  are  substantially  older  than  the  universe  itself,  as  inferred 
from  the  most  popular  value  for  the  Hubble  constant  and  the 
assumption  of  the  validity  of  the  standard  model  of  big  bang 
cosmology.  Such  a  hypothesis  allows  one  to  extrapolate  back  from 
the  present  and  estimate  the  time  taken  since  the  universe  was  in  a 
very  compact  state. 

Thus  solar  seismology  is  contributing,  as  expected,  to  our 
understanding  of  the  Sun,  the  stars,  and  even  of  cosmology.  A 
pleasant  surprise  is  that  it  seems  to  be  contributing  to  particle 
physics,  and  not  only  to  the  production  of  neutrinos  but  also  to 
their  understanding.  Thus  the  large  can  illuminate  the  small! 
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13From  March  1, 1993 
14From  December  10,  1992 


extradepartmental  and 
Administrative 


Personnel 


Members  of  the  Departments  are 
listed  in  the  preceding  sections. 


Office  of  Admin  is  t  ra  t  io  n 
1530  P  Street,  N.W. 
Washington,  D.C.  20005 

Lloyd  Allen,  Building  Maintenance  Specialist 
Sharon  Bassin,  Secretary  to  the  President 
Sherrill  Berger,  Research  Assistant, 

Institutional  and  External  Affairs 
Ray  Bowers,  Editor  and  Publications  Officer 
Gloria  Brienza,  Budget  and  Management 

Analyst  Manager 
Don  A.  Brooks,  Building  Maintenance 

Specialist 
Cady  Canapp,  Human  Resources  and 

Insurance  Manager 
Margaret  Charles,  Secretary1 
Ines  Cifuentes,  Program  Coordinator,  First 

Light  Teacher  Training  Project 
John  Covington,  Custodian2 
Patricia  Craig,  Associate  Editor 
Barbara  F.  Deal,  Administrative  Assistant, 

Administration  and  Finance3 
Lynn  Edelman,  Grants  and  Operations 

Manager4 
Linda  Feinberg,  Editorial/Administrative 

Assistant 
Susanne  Garvey,  Director  of  Institutional  and 

External  Affairs5 
Jacqueline  J.  Green,  Assistant  to  Manager, 

Human  Resources  and  Insurance 
Timothy  Harhan,  Financial  Accountant6 
Michael  Jenkins,  Administrative  Support 

Assistant7 
Mary  Ann  Kaschalk,  Financial  Accountant8 
Ann  Keyes,  Accounts  Payable /Payroll 

Coordinator 
Audrey  Spendley  Krause,  Financial 

Accountant9 
John  J.  Lively,  Director  of  Administration  and 

Finance 


Trong  Nguyen,  General  Accountant 
Danielle  Palermo,  Administrative  Assistant, 

Grants  and  Operations10 
Catherine  Piez,  Systems  and  Fiscal  Manager 
Arnold  J.  Pryor,  Facilities  and  Services 

Supervisor 
Lisa  Schubert,  Financial  Manager 
Maxine  F.  Singer,  President 
Leonard  Smith,  Custodian11 
Anne  Keatley  Solomon,  Director  of 

Institutional  and  External  Affairs12 
John  Strom,  Administrative  Support 

Assistant13 
Kris  Sundback,  Grants  and  Operations 

Manager14 
Vicki  Tucker,  Administrative  Coordinator, 

Accounting 
Susan  Y.  Vasquez,  Assistant  to  the  President 
Yulonda  White,  Records  Coordinator,  Human 

Resources  and  Insurance 


^rom  March  19,  1993 

2From  July  29, 1992  to  October  1,  1992 

3To  April  5, 1993 

4From  March  1,1993 

5FromJuly  16,  1992 

6From  December  7,  1992  to  December  31, 1992 

7To  August  28,  1992 

8From  January  13,  1993 

9To  November  27,  1992 

10Secretary,  Institutional  and  External  Affairs, 

to  March  21,  1993 
11  From  October  18,  1991  to  June  23, 1993 
12To  August  15,  1992 
13From  September  16,  1992 
14To  January  31,  1993 


Publications 


Publications  of  The  Institution 


Carnegie  Institution  of  Washington  Year  Book  91,  viii 
+  192  pages,  62  illustrations,  December  1992. 

Spectra:  The  Newsletter  of  the  Carnegie  Institution, 
issued  in  November  1992,  March  1993,  June 
1993. 

The  Chemistry  of  Ancient  Life:  Amino  Acids,  Stable 
Isotopes,  and  the  Anthropology  Connection, 
Perspectives  in  Science  booklet  number  5,  by 
Patricia  Parratt  Craig,  40  pages,  45  illus- 
trations, July  1992,  reprinted  February  1993. 

Drosophila  Guide:  Introduction  to  the  Genetics  and 
Cytology  of  Drosophila  melanogaster,  by  Milislav 
Demerec  and  B.  P.  Kaufmann,  9th  edition,  with 
reading  list  and  appendix  by  E.  A.  Carlson,  48 
pages,  14  illustrations,  reprinted  May  1992. 


Carnegie:  The  Academic  Catalog  of  the  Carnegie 
Institution  of  Washington,  1992-1993, 1993-1994, 
88  pages,  41  illustrations,  August  1992. 

Extending  the  Frontiers  of  Science:  The  Carnegie 
Institution,  as  Others  See  Us,  press-clippings 
booklet,  32  pages,  20  illustrations,  February 
1993. 

Carnegie  Institution  of  Washington,  informational 
booklet,  24  pages,  20  illustrations,  August  1992. 

Carnegie  Evening  1993,  6  panels,  7  illustrations, 
May  1993. 


Publications  of  The  President 


Singer,  Maxine,  and  Paul  Berg,  Dealing  with 
Genes:  The  Language  of  Heredity,  xiv  +  269 
pages,  University  Science  Books,  1992. 

Holmes,  S.  E.,  M.  F.  Singer,  and  G.  D.  Swergold, 
Studies  on  p40,  the  leucine  zipper 
motif-containing  protein  encoded  by  the  first 
open  reading  frame  of  an  active  human  LINE-1 
transposable  element,  /.  Biol.  Chem.  267, 
19765-19768,  1992. 

Singer,  M.  R,  T.  F.  Fanning,  D.  M.  Leibold,  G.  D. 
Swergold,  and  R.  E.  Thayer,  Moveable 
Elements  in  the  human  genome:  status  of 
research,  in  Biotechnology  and  Environmental 
Science:  Molecular  Approaches,  B.  Mongkolsuk  et 
al.,  eds.,  pp.  7-11,  Plenum  Press,  1992. 


Singer,  M.  R,  Bathtubs,  coke  cans,  and  the  culture 
of  science,  in  Educating  for  Civic  Responsibility 
in  a  Multicultural  World,  The  Swarthmore  Papers 
I,  no.  1,  pp.  77-86,  B.  Schwartz,  ed., 
Swarthmore  College,  1993. 

Singer,  Maxine,  and  Paul  Berg,  Gene  und  Genome, 
Spektrum,  Heidelberg,  1992  (German  edition). 

Singer,  Maxine,  and  Paul  Berg,  Genes  &  Genomes, 
Vigot,  Paris,  1992  (French  edition). 

Singer,  Maxine  and  Paul  Berg,  Genes  y  Genomas, 
Luis  Ruiz-Avila,  tr.,  Omegas,  Barcelona,  1993 
(Spanish  edition). 
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Special  Events 


Capital  Science  Lecture  Series 


Tom  Eisner,  Insects  as  Chemists:  Drugs  from 
Bugs,  October  13, 1992. 

Don  L.  Anderson,  Plate  Tectonics:  The  Inside 
Story,  November  10, 1992. 

Stephen  Jay  Gould,  On  Evolution,  December  8, 
1992. 

Ronald  G.  Prinn,  Global  Warming:  Uncertainty  in 
Science  and  Policy,  January  26, 1993. 


Nina  V.  Fedoroff,  Jumping  Genes  and  Vanishing 
Genera,  February  23,  1993. 

Maria-Grazia  Roncarolo,  Fetal  Tissue 

Transplantation:  An  Essential  Choice,  March 
23,  1993. 

George  F.  Smoot,  Primordial  Seeds  of  Modern 
Structure  in  the  Universe,  April  13,  1993. 

Solomon  H.  Snyder,  Messenger  Molecules  in  the 
Brain,  May  25, 1993. 


Carnegie  Evening  Lecture 


Francois  Schweizer,  Colliding  and  Merging 
Galaxies,  May  13, 1993. 
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Report  of  the  Executive  Committee 

To  the  Trustees  of  the  Carnegie  Institution  of  Washington 


In  accordance  with  the  provisions  of  the  By-Laws,  the  Executive  Committee 
submits  this  report  to  the  Annual  Meeting  of  the  Board  of  Trustees. 

During  the  fiscal  year  ending  June  30,  1993,  the  Executive  Committee  has 
held  four  meetings.  Accounts  of  these  meetings  have  been  or  will  be  mailed  to 
each  Trustee. 

A  full  statement  of  the  finances  and  work  of  the  Institution  for  the  fiscal  year 
ended  June  30, 1992  appears  in  the  Institution's  Year  Book  91,  a  copy  of  which  has 
been  sent  to  each  Trustee.  An  estimate  of  the  Institution's  expenditures  in  the 
fiscal  year  ending  June  30,  1994  appears  in  the  budget  recommended  by  the 
Committee  for  approval  by  the  Board  of  Trustees. 

The  terms  of  the  following  members  of  the  Board  expire  on  May  7,  1993: 


John  Diebold 
James  E.  Ebert 
W.  Gary  Ernst 
Sandra  M.  Faber 


Kazuo  Inamori 
Paul  F.  Oreffice 
Richard  S.  Perkins 
William  I.  M.  Turner,  Jr. 


In  addition,  the  terms  of  all  Committee  Chairmen  and  the  following 
members  of  the  Committees  expire  on  May  7, 1993: 

Finance  Committee  Auditing  Committee 

Robert  G.  Goelet  John  Diebold 

Richard  E.  Heckert  Richard  S.  Perkins 

William  I.  M.  Turner,  Jr. 


Executive  Committee 

Edward  E.  David,  Jr. 
Richard  E.  Heckert 
Sidney  J.  Weinberg,  Jr. 


Nominating  Committee 
John  Diebold 


May  7, 1993 


Robert  C.  Seamans,  Jr.,  Chairman 
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Abstract  of  Minutes 


of  the  Ninety-Eighth  Meeting  of  the  Board  of  Trustees 


The  Annual  Meeting  of  the  Board  of  Trustees  was  held  in  the 
Seminar  Room  of  the  Department  of  Plant  Biology,  Stanford, 
California,  on  Friday,  May  7,  1993.  The  Meeting  was  called  to  order  by 
the  Chairman,  Thomas  N.  Urban. 

The  following  Trustees  were  present:  Philip  H.  Abelson,  James  D. 
Ebert,  W.  Gary  Ernst,  Sandra  M.  Faber,  William  R.  Hearst  III,  Richard 
E.  Heckert,  AntoniaAx:son  Johnson,  Gerald  D.  Laubach,  Richard  A. 
Meserve,  Sally  K.  Ride,  Robert  C.  Seamans,  Jr.,  David  F.  Swensen, 
Charles  H.  Townes,  William  I.  M.  Turner,  Jr.,  Thomas  N.  Urban,  and 
Sidney  J.  Weinberg,  Jr.  Also  present  were  Caryl  P.  Haskins  and  William 
R.  Hewlett,  Trustees  Emeriti;  Maxine  F.  Singer,  President;  John  J. 
Lively,  Director  of  Administration  and  Finance;  Susanne  Garvey, 
Director  of  Institutional  and  External  Affairs;  and  Susan  Y.  Vasquez, 
Assistant  Secretary. 

The  minutes  of  the  Ninety-Sixth  Meeting,  held  at  the 
Administration  Building  on  May  8, 1992,  and  the  Ninety-Seventh 
Meeting,  held  at  the  Geophysical  Laboratory  on  December  16-17, 
1992,  were  approved. 

The  reports  of  the  Executive  Committee,  the  Finance  Committee, 
the  Employee  Benefits  Committee,  and  the  Auditing  Committee  were 
accepted.  On  the  recommendation  of  the  latter,  it  was  resolved  that 
Price  Waterhouse  &  Co.  be  appointed  as  public  accountants  for  the 
fiscal  year  ending  June  30,  1993. 

On  the  recommendation  of  the  Nominating  Committee,  Bruce  W. 
Ferguson  and  John  D.  Macomber  were  elected  members  of  the  Board 
of  Trustees,  and  the  following  were  reelected  for  terms  ending  in  1996: 
John  Diebold,  James  D.  Ebert,  W.  Gary  Ernst,  Sandra  M.  Faber,  Kazuo 
Inamori,  and  William  I.  M.  Turner,  Jr. 

William  I.  M.  Turner,  Jr.,  was  elected  Vice-Chairman  of  the  Board  of 
Trustees  for  an  unexpired  term  ending  in  1994. 

The  following  were  elected  for  one-year  terms:  William  I.  M. 
Turner,  Jr.,  as  Chairman  of  the  Executive  Committee;  David  E 
Swensen,  as  Chairman  of  the  Finance  Committee;  Philip  H.  Abelson, 
as  Chairman  of  the  Auditing  Committee;  and  William  T.  Coleman,  Jr., 
as  Chairman  of  the  Employee  Benefits  Commitee.  Sidney  J.  Weinberg, 
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Jr.,  was  appointed  Chairman  of  the  Nominating  Committee  for  a  one-year 
term. 

Vacancies  in  the  Standing  Committees,  with  terms  ending  in  1996,  were 
filled  as  follows:  Edward  E.  David,  Jr.,  John  Diebold,  Richard  E.  Heckert, 
and  Sidney  J.  Weinberg,  Jr.,  were  elected  members  of  the  Executive 
Committee;  Robert  G.  Goelet,  Richard  E.  Heckert,  and  William  I.  M. 
Turner,  Jr.,  were  elected  members  of  the  Finance  Committee;  John  Diebold 
and  Richard  A.  Meserve  were  elected  members  of  the  Auditing 
Committee;  and  John  Diebold  was  elected  a  member  of  the  Nominating 
Committee.  In  addition,  Richard  A.  Meserve  was  elected  a  member  of  the 
Nominating  Committee  for  an  unexpired  term  ending  in  1994.  The 
Chairman  pointed  out  that  Paul  F.  Oreffice  and  Richard  S.  Perkins  had 
chosen  not  to  stand  for  re-election  and  that  James  E.  Burke  had  indicated 
his  desire  to  resign  from  the  Board.  These  resignations  were  noted  with 
regret,  and  in  accordance  with  Section  1 .6  of  the  By-Laws,  Mr.  Perkins,  an 
active  member  of  the  Board  for  42  years,  was  designated  Trustee  Emeritus. 

The  annual  report  of  the  President  was  received. 

To  provide  for  the  operation  of  the  Institution  for  the  fiscal  year  ending 
June  30, 1994,  and  upon  recommendation  of  the  Executive  Committee,  the 
sum  of  $28,190,025  was  appropriated. 
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Financial  Statements 

for  the  year  ended  June  30, 1993 
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International,  Inc. 
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1801  K  Street  N.W.  Telephone  202  833  7932 

Washington,  DC  20006 


Price  Waterhouse  ^P 


REPORT  OF  INDEPENDENT  ACCOUNTANTS 


September  27,  1993 


To  the  Auditing  Committee  of  the 
Carnegie  Institution  of  Washington 


In  our  opinion,  the  accompanying  statements  of  assets,  liabilities,  and  fund  balances  and 
the  related  statements  of  revenues,  expenses  and  changes  in  fund  balances  present  fairly, 
in  all  material  respects,  the  financial  position  of  the  Carnegie  Institution  of  Washington  (the 
Institution)  at  June  30,  1993  and  1992,  and  the  results  of  its  operations  and  the  changes 
in  its  fund  balances  for  the  years  then  ended  in  conformity  with  generally  accepted 
accounting  principles.  These  financial  statements  are  the  responsibility  of  the  Institution's 
management;  our  responsibility  is  to  express  an  opinion  on  these  financial  statements  based 
on  our  audits.  We  conducted  our  audits  of  these  statements  in  accordance  with  generally 
accepted  auditing  standards  which  require  that  we  plan  and  perform  the  audit  to  obtain 
reasonable  assurance  about  whether  the  financial  statements  are  free  of  material 
misstatement.  An  audit  includes  examining,  on  a  test  basis,  evidence  supporting  the 
amounts  and  disclosures  in  the  financial  statements,  assessing  the  accounting  principles 
used  and  significant  estimates  made  by  management,  and  evaluating  the  overall  financial 
statement  presentation.  We  believe  that  our  audits  provide  a  reasonable  basis  for  the 
opinion  expressed  above. 

Our  audits  were  made  for  the  purpose  of  forming  an  opinion  on  the  basic  financial 
statements  taken  as  a  whole.  The  supporting  schedules  1  through  4  are  presented  for 
purposes  of  additional  analysis  and  are  not  a  required  part  of  the  basic  financial  statements. 
Such  information  has  been  subjected  to  the  auditing  procedures  applied  in  the  audit  of  the 
basic  financial  statements,  and  in  our  opinion,  is  fairly  stated  in  all  material  respects  in 
relation  to  the  basic  financial  statements  taken  as  a  whole. 


\JULCJL.  \j^£uJ*-r>0~- 
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Statements  of  Assets,  Liabilities,  and  Fund  Balances 

June  30, 1993  and  1992 


1993  1992 
ASSETS 
Current  assets 

Cash  and  cash  equivalents $        85,943  $       136,822 

Grants  receivable 2,472,666  1,923,674 

Accrued  interest  and  dividends  receivable       ....       1,303,490  1,355,008 

Advances  and  accounts  receivable 535,756  430,630 

Total  current  assets       4,397,855  3,846,134 

Investments,  at  market* 

Temporary 26,690,677  29,979,450 

Fixed  income 79,355,829  83,258,348 

Cororate  stocks 140,125,108  131,458,666 

Limited  partnership 28,039,642 

Other 249,379  459,841 

Total  investments 274,460,635  245,156,305 

Property,  plant,  and  equipment 

Buildings  and  building  improvements 28,981,172  25,422,708 

Telescopes 7,910,825  7,910,825 

Scientific  equipment       9,780,856  8,944,864 

Administrative  equipment 1,857,752  1,774,436 

Land 1,086,742  1,086,742 

Art  and  historical  treasures 34,067  34,067 

Less:  accumulated  depreciation       (14,976,894)  (13,085,201) 

Property,  plant,  and  equipment  in  service      .     .     .    34,674,520  32,088,441 

Buildings  under  construction 273,476  1,211,607 

Telescope  under  construction 3,466,171  1,175,609 

Scientific  equipment  under  construction      ....              663,232  399,528 

Total  under  construction 4,402,879  2,786,744 

Total  property,  plant,  and  equipment     .     .     .         39,077,399  34,875,185 

Total  assets $317,935,889  $283,877,624 

LIABILITIES  AND  FUND  BALANCES 
Liabilities 

Accounts  payable  and  accrued  expenses      ....      $    1,685,069  $    1,895,575 

Deferred  grant  income 3,552,360  3,156,119 

Net  investment  acquisition  debt 5,350,934  ^ 

Total  liabilities 10,588,363  5,051,694 

Fund  balances 307,347,526  278,825,930 

Total  liabilities  and  fund  balances     .     .     .     $317,935,889  $283,877,624 


*Cost  on  June  30,  1993:  $236,409,624  (temporary  $26,690,677,  fixed  income  $74,138,846,  corporate  stocks 
$110,330,722,  limited  partnership  $25,000,000,  other  $249,379).  Cost  on  June  30,  1992:  $215,303,249  (temporar) 
$29,979,450,  fixed  income  $77,462,618,  corporate  stocks  $107,401,340,  other  $459,841). 

The  accompanying  notes  are  an  integral  part  of  these  financial  statements. 
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Statements  of  Revenues,  Expenses,  and  Changes  in  Fund  Balances 
for  the  Years  Ended  June  30, 1993  and  1992 


Year  Ended  Tune  30, 
1993  1992 


Revenues 


Investment  earnings 

Interest  and  dividends $    8,479,164  $    9,782,607 

Realized  net  gain  on  investments 23,581,840  14,647,233 

Less:  investment  service  fees (875,680)  (1,009,540) 

Net  investment  earnings 31,185,324  23,420,300 

Grants 

Federal       5,409,796  4,498,152 

Private 3,734,707  3,447,776 

Gifts  and  other  revenues 490,351  638,552 

Total  revenues       40,820,178  32,004,780 

Capital  contributions — equipment 1,410,449  954,621 

Total  revenues  and  capital  contributions      42,230,627  32,959,401 

Expenses 

Personnel  and  related       14,102,785  14,034,919 

Equipment 3,889,058  3,552,586 

General 6,015,350  5,862,204 

Total  expenses 24,007,193  23,449,709 

Excess  of  revenues  and  capital  contributions 

over  expenses  before  capital  changes  ....            18,223,434  9,509,692 

Capital  changes 

Unrealized  net  gain  on  investments 8,197,955  7,452,193 

Capital  campaign— gifts       2,100,207  4,187,260 

Total  capital  changes 10,298,162  11,639,453 

Excess  of  revenues,  capital  contributions, 

and  capital  changes  over  expenses       28,521,596  21,149,145 

Fund  balances,  beginning  of  period 278,825,930  257,676,785 

Fund  balances,  end  of  period $307,347,526  $278,825,930 


The  accompanying  notes  are  an  integral  part  of  these  financial  statements. 
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Notes  to  The  Financial  Statements,  June  30, 1993 


Note  1.  Significant  Accounting  Policies 

The  financial  statements  of  the  Carnegie  Institution  of 
Washington  (the  Institution)  are  prepared  on  the  accrual 
basis  of  accounting.  Investments,  except  for  the  other 
investments  discussed  in  Note  6,  are  carried  at  market 
value.  The  endowment  and  special  funds  reflected  in  the 
accompanying  Schedule  2 — Changes  in  Fund  Balances 
include  gifts  and  bequests  accepted  by  the  Institution  with 
the  understanding  that  the  principal  and  income 
be  utilized  in  accordance  with  the  terms  of  the  gifts  and 
bequests. 

The  Institution  considers  all  highly  liquid  debt 
instruments  purchased  with  original  maturity  dates  of  90 
days  or  less,  excluding  amounts  that  are  classified  as 
temporary  investments,  to  be  cash  equivalents.  Temporary 
investments  reflect  endowment  and  special  fund 
investments  in  short-term  instruments  that  are  part  of  the 
investment  portfolio. 

The  Institution  capitalizes  expenditures  for  land, 
buildings  and  leasehold  improvements,  telescopes, 
scientific  and  administrative  equipment,  and  other 
projects  in  progress.  Routine  replacement,  maintenance, 
and  repairs  are  charged  to  expense. 

Depreciation  of  the  Institution's  buildings,  telescopes, 
and  other  equipment  is  computed  on  a  straight-line  basis 
using  the  following  useful  lives:  buildings  and  telescopes, 
50  years;  building  and  leasehold  improvements,  25  years 
or  the  remaining  term  of  the  lease;  and  scientific  and 
administrative  equipment,  5  years.  Depreciation  expense 
for  the  years  ended  June  30, 1993  and  1992  was  $1,985,417 
and  $1,837,792,  respectiv?ly. 

Note  2.  Net  Investment  Acquisition  Debt 

The  Institution  entered  into  certain  investment 
transactions  with  trade  dates  prior  to  June  30, 1993.  These 
transactions  have  been  included  in  the  investment 
balances.  Since  these  amounts  represent  unsettled 
obligations  at  June  30,  1993,  the  net  amount  of  $5,350,934 
has  also  been  presented  as  a  liability  until  settlement 
occurs. 

Note  3.  Employee  Benefit  Plans 

The  Institution  has  a  noncontributory,  defined 
contribution,  money-purchase  retirement  plan  in  which  all 
United  States  personnel  are  eligible  to  participate. 
Beginning  April  1, 1989,  the  Plan  has  been  funded  through 
individually  owned  annuities  issued  by  Teachers' 
Insurance  and  Annuity  Association  (TIAA)  and  College 
Retirement  Equities  Fund  (CREF).  There  are  no  unfunded 
past  service  costs.  The  total  contributions  made  by  the 
Institution  were  $1,385,155  in  1993  and  $1,354,262  in  1992. 
After  one  year's  participation,  an  individual's  benefits  are 
fully  vested. 

The  Institution  provides  health  insurance  for  retired 
employees.  Most  of  the  Institution's  United  States 
employees  may  become  eligible  for  these  benefits  at 
retirement.  The  cost  of  retiree  health  insurance  benefits  is 
currently  being  recognized  as  an  expense  as  costs  are 
incurred.  For  the  years  ended  June  1993  and  1992,  these 
costs  were  $376,128  and  $390,739,  respectively. 

The  provisions  of  Statement  of  Financial  Accounting 
Standards  No.  106,  "Employer's  Accounting  for  Post  Re- 


tirement Benefits  Other  Than  Pensions,"  have  not  yet  been 
adopted  by  the  Institution.  This  Statement  requires  that  the 
cost  of  such  benefits  be  estimated  in  advance  and 
recognized  over  the  period  earned.  The  Institution  will  not 
be  required  to  adopt  the  provisions  of  this  Statement  until 
the  fiscal  year  ending  June  30,  1996.  The  impact  of  this 
Statement  on  the  Institution's  financial  statements  has  not 
been  determined. 

Note  4.  Restricted  Grants  and  Gifts 

Restricted  grants  and  gifts  are  funds  received  from 
foundations,  individuals,  and  federal  agencies  in  support 
of  scientific  research  and  educational  programs.  The 
Institution  follows  the  policy  of  reporting  revenues  only  to 
the  extent  that  reimbursable  expenditures  are  incurred. 
Accordingly,  funds  received  in  excess  of  reimbursable 
expenditures  are  recorded  as  deferred  revenue. 
Reimbursement  is  based  upon  provisional  rates  which  are 
subject  to  subsequent  audit  by  the  Institution's  Federal 
Cognizant  agency  and  potential  downward  adjustment. 
The  Restricted  Grants  and  Gifts  Schedule  shows  all  current 
grants  and  gifts. 

Note  5.  Income  Taxes 

The  Institution  is  exempt  from  federal  income  tax  under 
Section  501(c)(3)  of  the  Internal  Revenue  Code. 
Accordingly,  no  provision  for  income  taxes  is  reflected  in 
the  accompanying  financial  statements.  The  Institution  is 
also  an  educational  institution  within  the  meaning  of 
Section  170(l)(A)(ii)  of  the  Code.  The  Internal  Revenue 
Service  has  classified  the  Institution  as  other  than  a  private 
foundation,  as  defined  in  Section  509(a)  of  the  Code. 

Note  6.  Other  Investments 

In  order  to  assist  in  the  relocation  of  certain  key 
scientific  staff,  the  Institution  makes  loans  secured  by  real 
estate  to  these  employees  at  below-market  interest  rates. 
At  June  30,  1993  and  1992,  their  outstanding  value  was 
$249,379  and  $459,841,  respectively.  These  investments  are 
carried  at  cost,  which  approximates  market  value. 

Note  7.  Forward  Foreign  Exchange  Contracts 

The  Institution  enters  into  forward  exchange  contracts 
to  hedge  transactions  on  a  continuing  basis  for  periods 
consistent  with  its  committed  exposures.  The  Institution 
does  not  engage  in  speculation.  The  effect  of  this  practice 
is  to  minimize  on  a  rolling  basis  the  impact  of  foreign 
exchange  rate  movements  on  the  Institution's  investment 
results.  The  Institution's  foreign  exchange  contracts  do  not 
subject  the  Institution  to  risk  due  to  exchange  rate 
movements  because  gains  and  losses  on  these  contracts 
offset  losses  and  gains  on  the  equity  and  fixed  income 
securities  being  hedged.  The  gains  or  losses  on  these 
contracts  are  included  in  unrealized  and  realized  net  gains 
on  investments  in  the  period  in  which  the  exchange  rates 
change.  As  of  June  30,  1993  the  Institution  had 
approximately  $10,793,000  of  foreign  exchange  contracts 
outstanding,  primarily  denominated  in  French  Francs  and 
Deutschemarks.  The  forward  exchange  contracts  generally 
have  varying  maturities  with  none  exceeding  three 
months.  The  Institution  makes  net  settlements  of  U.S. 
dollars  for  foreign  currencies  at  maturity  at  rates  agreed  to 
at  inception  of  the  contracts. 
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Carnegie  Institution  of  Washington 

Financial  Statements 


Balance 
July  1, 1992 
Federal  grants  and  contracts 

NASA $    840,486 

National  Science  Foundation 2,188,657 

Office  of  Naval  Research 92,141 

U.S.  Department  of  Agriculture 57,465 

U.S.  Department  of  Energy 5,332 

U.S.  Department  of  the  Interior 16,310 

U.S.  Geological  Survey 57,326 

U.S.  Public  Health  Service 1,509,999 

Total  federal  grants  and  contracts 4,767,716 

Private  grants  and  contracts 

Rita  Allen  Foundation 6,020 

Amer.  Assoc,  for  the  Advancement  of  Science  .  .      4,871 

American  Astronomical  Society 14,736 

American  Cancer  Society 358,160 

American  Society  for  Microbiology 3,307 

Arnold  and  Mabel  Beckman  Foundation 127,254 

California  Institute  of  Technology 24,247 

Carnegie  Senior  Fellow 

Centre  National  de  la  Recherche  Scientifique   .  . 

Jane  Coffin  Childs  Memorial  Foundation    ....  100,064 

Chilean  Fellowship    4,500 

Dudley  Observatory 

Duke  University 

David  Dunlap  Observatory     14,191 

Embryology  Fund 51,536 

First  Light      41,058 

Flintridge  Foundation 224,522 

Robert  Hazen 26,259 

Howard  Hughes  Medical  Institute 56,957 

International  Human  Frontier  Science  Program  . 

Johns  Hopkins  University 216,068 

Johnson  &  Johnson     

W.  M.  Keck  Foundation 300,000 

Kresge  Foundation 173,955 

Lead  Trust 1,165,940 

Leukemia  Society  of  America    108,268 

Life  Sciences  Research  Foundation 9,499 

John  D.  &  Catherine  T.  MacArthur  Foundation  .  80 

Lucille  P.  Markey  Charitable  Trust 292,669 

G.  Harold  and  Leila  Y.  Mathers 

Charitable  Foundation 

McKnight  Endowment  for  Neuroscience 80,416 

Andrew  W.  Mellon  Foundation 458,467 

John  Merck  Fund 230,491 

Mobil  Oil  Corporation     7,000 

Ambrose  Monell  Foundation 147,349 

Norton  Corporation 

Oxford  University 2,172 

Observatory  Fund 

People's  Republic  of  China 4,285 


The  accompanying  notes  are  an  integral  part  of  these  schedules. 


\nd  Gifts 

SCHEDULE  3 

une  30, 1993 

1  of  2 

New  Restricted 

Balance 

Grants/Gifts 

Expenses 

June  30, 1993 

$1,550,609 

$  661,045 

$1,730,050 

2,063,266  - 

2,138,888 

2,113,035 

73,000 

66,644 

98,497 

70,731 

43,096 

85,100 

5,000 

... 

10,332 
16,310 

65,717 

90,633 

32,410 

2,138,522 

2,409,490 

1,239,031 

5,966,845        5,409,796        5,324,765 


30,000 

13,459 

22,561 

1,871 

3,000 

9,150 

5,586 

246,590 

94,450 

510,300 
3,307 

92,826 

34,428 

88,298 

49,775 

62,770 

48,000 

4,595 

43,405 

27,778 

16,984 

10,794 

3,000 

59,500 

43,564 
4,500 

1,000 

39 

961 

10,000 

9,961 

39 

3,402 

10,789 

58,445 

109,981 

51,298 

87,890 

4,466 

86,488 

138,034 
26,259 

12,260 

44,697 

53,000 

896 

52,104 

113,426 

110,291 

219,203 

12,000 

12,000 

451,346 

593,500 

157,846 

91,847 

82,108 

028,280 

877,003 

1,317,217 

108,268 

9,499 

15,000 

5,183 

9,897 

440,000 

229,892 

502,777 

673,943 

673,943 

5,942 

74,474 

159,895 

152,639 

465,723 

240,000 

51,482 
7,000 

419,009 

150,000 

83,639 

213,710 

65,000 

29,303 

35,697 
2,172 

5,000 

1,960 

3,040 

4,285 

(continued) 

183 


Carnegie  Institution  of  Washington 
Financial  Statements 


SCHEDULE  3  RESTRICTED  GRANTS  AND  GIFTS 

2  of  2  (Continued) 


Balance    New  Restricted  Balance 

July  1, 1992  Grants /Gifts  Expenses  June  30, 1993 

Plant  Biology  Fund $         850  ...  $          850 

Richard  B.  T.  Roberts  Memorial  Fund $       1,297  125  ...  1,422 

John  D.  Rockefeller  Foundation   .  . 3,734  ...  ...  3,734 

Vera  C.  Rubin  Fund 8,193  1,000  900  8,293 

Damon  Runyon-Walter  Winchell 

Cancer  Foundation 104,527  ...  11,000  93,527 

Alfred  P.  Sloan  Foundation 8,711  20,000  8,711  20,000 

Smithsonian  Institution 10,000  ...  10,000 

Space  Telescope  Science  Institute 176,305  451,383  332,663  295,025 

State  University  of  New  York  at  Stony  Brook   .     232,779  620,000  490,726  362,053 

Tularik,  Inc.  Fund 15,000  2,987  12,013 

University  of  California— Santa  Cruz 6,463  19,339  ...  25,802 

University  of  Houston ...  5,750  5,750 

Uppsala  University 12,941  10,682  2,259 

Weizmann  Institute 1,042  ...  ...  1,042 

Western  Regional  Center  of  the  National  Institute 

for  Global  Environment  Change 63,771  48,617  15,154 

Helen  Hay  Whitney  Foundation 113,249  162,000  39,444  235,805 

Total  private  grants  and  contracts 4,910,641  5,353,458  3,734,707  6,529,392 

Total  restricted  grants  and  contracts    .     9,678,357  $11,320,303  $9,144,503  11,854,157 

Less  cash  not  yet  received 

from  grants  and  contracts (6,522,238)  (8,301,797) 

Deferred  income $3,156,119  $3,552,360 


The  accompanying  notes  are  an  integral  part  of  these  schedules. 
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Schedule  4 

Schedule  of  Expenses 

for  the  Years  Ended  June  30, 1993  and  1992 

1993 1992 

Endowment  Restricted  Total  Total 

and  Special  Grants  Expenses  Expenses 

Salaries,  fringe  benefits,  and  payroll  taxes 

Salaries $7,773,288  $1,948,718  $9,722,006  $9,465,132 

Fringe  benefits  and  payroll  taxes     ....       2,232,934  523,555  2,756,489  2,650,755 

Retiree  health  insurance 376,128 376,128  393,904 

Total     10,382,350  2,472,273  12,854,623  12,509,791 

Fellowship  grants  and  awards 350,549  897,613  1,248,162  1,525,128 

Equipment 1,998,196  1,890,862  3,889,058  3,552,586 

General  expenses 

Educational  and  research  supplies     ....       445,233  1,024,627  1,469,860  1,371,706 

Contract  services      304,864  415,907  720,771  513,904 

Building  maintenance  and  repairs 379,090  46,007  425,097  368,540 

Utilities 800,570  2,422  802,992  773,968 

Administrative 422,141  105,947  528,088  485,954 

Computer  services 40,435  2,463  42,898  104,000 

Travel  and  meetings 481,761  285,196  766,957  874,630 

General  insurance 188,692  ...  188,692  184,461 

Scientific  publications 41,264  49,802  91,066  94,708 

Professional  and  consulting  fees 322,735  72,639  395,374  444,754 

Commissary 58,459  ...  58,459  54,230 

Shop 43,177  5,156  48,333  63,710 

Telephone 193,943  128  194,071  193,232 

Postage  and  shipping 106,361  8,522  114,883  138,685 

Books  and  subscriptions 198,664  544  199,208  184,872 

Contributions  and  miscellaneous    ....            19,731  47,019  66,750  190,605 

Total  general  expenses 4,047,120  2,066,379  6,113,499  6,041,959 

Indirect  costs— grants (1,817,376)  1,817,376  ...  ... 

Indirect  costs  capitalized  on 

scientific  construction  projects (98,149) _  (98,149)  (179,755) 

Total  expenses $14,862,690  $9,144,503  $24,007,193  $23,449,709 


The  accompanying  notes  are  an  integral  part  of  these  schedules. 
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Articles  of  Incorporation 

Jifig-ergjjijj  Congress  of  %  United  %Mtz  of  America; 

^t  thje  jfocond  Jfessiou, 

Begun  and  held  at  the  City  of  Washington  on  Monday,  the  seventh  day  of  December,  one 

thousand  nine  hundred  and  three. 


AN    ACT 
To  incorporate  tbe  Carnegie  Institution  of  Washington. 


Be  it  enacted  by  the  Senate  and  House  of  Representatives  of  the  United 
States  of  America  in  Congress  assembled,  That  the  persons  following,  being  persons 
who  are  now  trustees  of  the  Carnegie  Institution,  namely,  Alexander  Agassiz, 
John  S.  Billings,  John  L.  Cadwalader,  Cleveland  H.  Dodge,  William  N.  Frew, 
Lyman  J.  Gage,  Daniel  C.  Oilman,  John  Hay,  Henry  L.  Higginson,  William 
Wirt  Howe,  Charles  L.  Hutchinson,  Samuel  P.  Langley,  William  Lindsay,  Seth 
Low,  Wayne  MacVeagh,  Darius  0.  Mills,  S.  Weir  Mitchell,  William  W.  Morrow, 
Ethan  A.  Hitchcock,  Elihu  Root,  John  C.  Spooner,  Andrew  D.  White,  Charles 
D.  Walcott,  Carroll  D.  Wright,  their  associates  and  successors,  duly  chosen,  are 
hereby  incorporated  and  declared  to  be  a  body  corporate  by  the  name  of  the 
Carnegie  Institution  of  Washington  and  by  that  name  shall  be  known  and  have 
perpetual  succession,  with  the  powers,  limitations,  and  restrictions  herein  contained. 

Sec.  2.  That  the  objects  of  the  corporation  shall  be  to  encourage,  in  the 
broadest  and  most  liberal  manner,  investigation,  research,  and  discovery,  and 
the  application  of  knowledge  to  the  improvement  of  mankind;  and  in  particular — 

(a)  To  conduct,  endow,  and  assist  investigation  in  any  department  of 
science,  literature,  or  art,  and  to  this  end  to  cooperate  with  governments, 
universities,  colleges,  technical  schools,  learned  societies,  and  individuals. 

(b)  To  appoint  committees  of  experts  to  direct  special  lines  of  research. 

(c)  To  publish  and  distribute  documents. 

(d)  To  conduct  lectures,  hold  meetings,  and  acquire  and  maintain  a  library. 

(e)  To  purchase  such  property,  real  or  personal,  and  construct  such  building 
or  buildings  as  may  be  necessary  to  carry  on  the  work  of  the  corporation. 
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(f)  In  general,  to  do  and  perform  all  things  necessary  to  promote  the 

objects  of  the  institution,  with  full  power,  however,  to  the  trustees  hereinafter 

appointed  and  their  successors  from  time  to  time  to  modify  the  conditions  and 
reflations  under  which  the  work  shall  be  carried  on,  so  as  to  secure  the 

application  of  the  funds  in  the  manner  best  adapted  to  the  conditions  of  the  time, 

provided  that  the  objects  of  the  corporation  shall  at  all  times  be  among  the 

foregoing  or  kindred  thereto. 

Sec.  3.  That  the  direction  and  management  of  the  affairs  of  the  corporation 
and  the  control  and  disposal  of  its  property  and  funds  shall  be  vested  in  a  board 
of  trustees,  twenty-two  in  number,  to  be  composed  of  the  following  individuals : 
Alexander  Agassiz,  John  S.  Billings,  John  L.  Cadwalader,  Cleveland  H.  Dodge, 
William  N.  Frew,  Lyman  J.  Gage,  Daniel  C.  Gilman,  John  Hay,  Henry 
L.  Higginson,  William  Wirt  Howe,  Charles  L.  Hutchinson,  Samuel  P. 
Langley,  William  Lindsay,  Seth  Low,  Wayne  MacVeagh,  Darius  0.  Mills, 
S.  Weir  Mitchell,  William  W.  Morrow,  Ethan  A.  Hitchcock,  Elihu  Root, 
John  C.  Spooner,  Andrew  D.  White,  Charles  D.  Walcott,  Carroll  D.  Wright, 
who  shall  constitute  the  first  board  of  trustees.  The  board  of  trustees  shall 
have  power  from  time  to  time  to  increase  its  membership  to  not  more  than 
twenty-seven  members.  Vacancies  occasioned  by  death,  resignation,  or  otherwise 
shall  be  filled  by  the  remaining  trustees  in  such  manner  as  the  by-laws  shall 
prescribe;  and  the  persons  so  elected  shall  thereupon  become  trustees  and  also 
members  of  the  said  corporation.  The  principal  place  of  business  of  the  said 
corporation  shall  be  the  city  of  Washington,  in  the  District  of  Columbia. 

Sec.  4.  That  such  board  of  trustees  shall  be  entitled  to  take,  hold  and 
administer  the  securities,  funds,  and  property  so  transferred  by  said  Andrew 
Carnegie  to  the  trustees  of  the  Carnegie  Institution  and  such  other  funds  or 
property  as  may  at  any  time  be  given,  devised,  or  bequeathed  to  them,  or  to  such 
corporation,  for  the  purposes  of  the  trust;  and  with  full  power  from  time  to  time  to 
adopt  a  common  seal,  to  appoint  such  officers,  members  of  the  board  of  trustees  or 
otherwise,  and  such  employees  as  may  be  deemed  necessary  in  carrying  on  the 
business  of  the  corporation,  at  such  salaries  or  with  such  remuneration  as  they  may 
deem  proper;  and  with  full  power  to  adopt  by-laws  from  time  to  time  and  such  rules 
or  regulations  as  may  be  necessary  to  secure  the  safe  and  convenient  transaction 
of  the  business  of  the  corporation;  and  with  full  power  and  discretion  to  deal 
with  and  expend  the  income  of  the  corporation  in  such  manner  as  in  their 
judgment  will  best  promote  the  objects  herein  set  forth  and  in  general  to  have 
and  use  all  powers  and  authority  necessary  to  promote  such  objects  and  carry  out 
the  purposes  of  the  donor.     The  said  trustees  shall  have  further  power  from  time 
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to  time  to  hold  as  investments  the  securities  hereinabove  referred  to  so  transferred 
by  Andrew  Carnegie,  and  any  property  which  has  been  or  may  be  transferred 
to  them  or  such  corporation  by  Andrew  Carnegie  or  by  any  other  person, 
persons,  or  corporation,  and  to  invest  any  sums  or  amounts  from  time  to  time 
in  such  securities  and  in  such  form  and  manner  as  are  permitted  to  trustees 
or  to  charitable  or  literary  corporations  for  investment,  according  to  the  laws 
of  the  States  of  New  York,  Pennsylvania,  or  Massachusetts,  or  in  such  securities 
as  are  authorized  for  investment  by  the  said  deed  of  trust  so  executed  by  Andrew 
Carnegie,  or  by  any  deed  of  gift  or  last  will  and  testament  to  be  hereafter  made 
or  executed. 

Sec.  5.  That  the  said  corporation  may  take  and  hold  any  additional 
donations,  grants,  devises,  or  bequests  which  may  be  made  in  further  support  of 
the  purposes  of  the  said  corporation,  and  may  include  in  the  expenses  thereof 
the  personal  expenses  which  the  trustees  may  incur  in  attending  meetings  or 
otherwise  in  carrying  out  the  business  of  the  trust,  but  the  services  of  the 
trustees  as  such  shall  be  gratuitous. 

Sec.  6.  That  as  soon  as  may  be  possible  after  the  passage  of  this  Act  a 
meeting  of  the  trustees  hereinbefore  named  shall  be  called  by  Daniel  C.  Gilman, 
John  S.  Billings,  Charles  D.  Walcott,  S.  Weir  Mitchell,  John  Hay,  Elihu  Root, 
and  Carroll  D.  Wright,  or  any  four  of  them,  at  the  city  of  Washington,  in 
the  District  of  Columbia,  by  notice  served  in  person  or  by  mail  addressed  to 
each  trustee  at  his  place  of  residence;  and  the  said  trustees,  or  a  majority 
thereof,  being  assembled,  shall  organize  and  proceed  to  adopt  by-laws,  to  elect 
officers  and  appoint  committees,  and  generally  to  organize  the  said  corporation ; 
and  said  trustees  herein  named,  on  behalf  of  the  corporation  hereby  incorporated, 
shall  thereupon  receive,  take  over,  and  enter  into  possession,  custody,  and 
management  of  all  property,  real  or  personal,  of  the  corporation  heretofore  known 
as  the  Carnegie  Institution,  incorporated,  as  hereinbefore  set  forth  under  "An  Act 
to  establish  a  Code  of  Law  for  the  District  of  Columbia,  January  fourth,  nineteen 
hundred  and  two,"  and  to  all  its  rights,  contracts,  claims,  and  property  of  any 
kind  or  nature ;  and  the  several  officers  of  such  corporation,  or  any  other  person 
having  charge  of  any  of  the  securities,  funds,  real  or  personal,  books  or  property 
thereof,  shall,  on  demand,  deliver  the  same  to  the  said  trustees  appointed  by  this 
Act  or  to  the  persons  appointed  by  them  to  receive  the  same;  and  the  trustees 
of  the  existing  corporation  and  the  trustees  herein  named  shall  and  may  take 
such  other  steps  as  shall  be  necessary  to  carry  out  the  purposes  of  this  Act. 

Sec.  7.  That  the  rights  of  the  creditors  of  the  said  existing  corporation 
known  as  the  Carnegie  Institution  shall  not  in  any  manner  be  impaired  by  the 
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passage  of  this  Act,  or  the  transfer  of  the  property  hereinbefore  mentioned,  nor 
shall  any  liability  or  obligation  for  the  payment  of  any  sums  due  or  to  become 
due,  or  any  claim  or  doinand,  in  any  manner  or  for  any  cause  existing  against 
the  said  existing  corporation,  be  released  or  impaired ;  but  such  corporation  hereby 
incorporated  is  declared  to  succeed  to  the  obligations  and  liabilities  and  to  be  held 
liable  to  pay  and  discharge  all  of  the  debts,  liabilities,  and  contracts  of  the  said 
corporation  so  existing  to  the  same  effect  as  if  such  new  corporation  had  itself 
incurred  the  obligation  or  liability  to  pay  such  debt  or  damages,  and  no  such  action 
or  proceeding  before  any  court  or  tribunal  shall  be  deemed  to  have  abated  or  been 
discontinued  by  reason  of  the  passage  of  this  Act. 

Seo.  8.  That  Congress  may  from  time  to  time  alter,  repeal,  or  modify  this 
Act  of  incorporation,  but  no  contract  or  individual  right  made  or  acquired  shall 
thereby  be  divested  or  impaired. 

Seo.  9.  That  this  Act  shall  take  effect  immediately. 


President  of  the  Senate  pro  tempore. 


By-Laws  of  the  Institution 

Adopted  December  13, 1904.  Amended  December  13, 1910,  December  13, 1912,  December  10, 1937, 
December  15, 1939,  December  13, 1940,  December  18, 1942,  December  12, 1947,  December  10, 1954, 
October  24, 1957,  May  8,  1959,  May  13, 1960,  May  10, 1963,  May  15, 1964,  March  6,  1967,  May 
3, 1968,  May  14, 1971,  August  31, 1972,  May  9, 1974,  April  30, 1976,  May  1, 1981,  May  7, 1982, 
May  3, 1985,  May  9, 1986,  May  15, 1987,  May  6, 1988,  May  5, 1989,  and  May  10, 1991. 

ARTICLE  I 
The  Trustees 

1.1.  The  Board  of  Trustees  shall  consist  of  up  to  twenty-seven  members  as 
determined  from  time  to  time  by  the  Board. 

1.2.  The  Board  of  Trustees  shall  be  divided  into  three  classes  approximately  equal  in 
number.  The  terms  of  the  Trustees  shall  be  such  that  those  of  the  members  of  one  class 
expire  at  the  conclusion  of  each  annual  meeting  of  the  Board.  At  each  annual  meeting  of 
the  Board  vacancies  resulting  from  the  expiration  of  Trustees'  terms  shall  be  filled  by 
their  re-election  or  election  of  their  successors.  Trustees  so  re-elected  or  elected  shall  serve 
for  terms  of  three  years  expiring  at  the  conclusion  of  the  annual  meeting  of  the  Board  in 
the  third  year  after  their  election.  A  vacancy  resulting  from  the  resignation,  death,  or 
incapacity  of  a  Trustee  before  the  expiration  of  his*  term  may  be  filled  by  election  of  a 
successor  at  or  between  annual  meetings.  A  person  elected  to  succeed  a  Trustee  before 
the  expiration  of  his  term  shall  serve  for  the  remainder  of  that  term  unless  the  Board 
determines  that  assignment  to  a  class  other  than  the  predecessor's  is  appropriate.  There 
shall  be  no  limit  on  the  number  of  terms  for  which  a  Trustee  may  serve,  and  a  Trustee 
shall  be  eligible  for  immediate  re-election  upon  expiration  of  his  term. 

1.3.  No  Trustee  shall  receive  any  compensation  for  his  services  as  such. 

1 .4.  Trustees  shall  be  elected  by  vote  of  two-thirds  of  the  Trustees  present  at  a  meeting 
of  the  Board  of  Trustees  at  which  a  quorum  is  present  or  without  a  meeting  by  written 
action  of  all  of  the  Trustees  pursuant  to  Section  4.6. 

1 .5.  If,  at  any  time  during  an  emergency  period,  there  beno  surviving  Trustee  capable 
of  acting,  the  President,  the  Director  of  each  existing  Department,  or  such  of  them  as 
shall  then  be  surviving  and  capable  of  acting,  shall  constitute  a  Board  of  Trustees  pro 
tern, with  full  powers  under  the  provisions  of  the  Articles  of  Incorporation  and  these 
By-Laws.  Should  neither  the  President  nor  any  such  Director  be  capable  of  acting,  the 
senior  surviving  Staff  Member  of  each  existing  Department  shall  be  a  Trustee  pro  tern, 
with  full  powers  of  a  Trustee  under  the  Articles  of  Incorporation  and  these  By-Laws.  It 
shall  be  incumbent  on  the  Trustees  pro  tern  to  reconstitute  the  Board  with  permanent 
members  within  a  reasonable  time  after  the  emergency  has  passed,  at  which  time  the 
Trustees  pro  tern  shall  cease  to  hold  office.  A  list  of  Staff  Member  seniority,  as  designated 
annually  by  the  President,  shall  be  kept  in  the  Institution's  records. 

1.6.  A  Trustee  who  resigns  after  having  served  at  least  six  years  and  having  reached 
age  seventy  shall  be  eligible  for  designation  by  the  Board  of  Trustees  as  a  Trustee 


*A  masculine  pronoun  as  used  in  these  By-Laws  shall  be  deemed  to  include  the 
corresponding  female  pronoun. 
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Emeritus.  A  Trustee  Emeritus  shall  be  entitled  to  attend  meetings  of  the  Board  but  shall 
have  no  vote  and  shall  not  be  counted  for  purposes  of  ascertaining  the  presence  of  a 
quorum.  A  Trustee  Emeritus  may  be  invited  to  serve  in  an  advisory  capacity  on  any 
committee  of  the  Board  except  the  Executive  Committee. 

ARTICLE  II 

Officers  of  the  Board 

2.1.  The  officers  of  the  Board  shall  be  a  Chairman  of  the  Board,  a  Vice-Chairman,  and 
a  Secretary,  who  shall  be  elected  by  the  Trustees,  from  the  members  of  the  Board,  by 
ballot  to  serve  for  a  term  of  three  years.  All  vacancies  shall  be  filled  by  the  Board  for  the 
unexpired  term;  provided,  however,  that  the  Executive  Committee  shall  have  power  to 
fill  a  vacancy  in  the  office  of  Secretary  to  serve  until  the  next  meeting  of  the  Board  of 
Trustees. 

2.2.  The  Chairman  shall  preside  at  all  meetings  and  shall  have  the  usual  powers  of 
a  presiding  officer. 

2.3.  The  Vice-Chairman,  in  the  absence  or  disability  of  the  Chairman,  shall  perform 
the  duties  of  the  Chairman. 

2.4.  The  Secretary  shall  issue  notices  of  meetings  of  the  Board,  record  its  transactions, 
and  conduct  that  part  of  the  correspondence  relating  to  the  Board  and  to  his  duties. 

ARTICLE  III 

Executive  Administration 

3.1.  There  shall  be  a  President  who  shall  be  elected  by  ballot  by,  and  hold  office 
during  the  pleasure  of,  the  Board,  who  shall  be  the  chief  executive  officer  of  the 
Institution.  The  President,  subject  to  the  control  of  the  Board  and  the  Executive 
Committee,  shall  have  general  charge  of  all  matters  of  administration  and  supervision 
of  all  arrangements  for  research  and  other  work  undertaken  by  the  Institution  or  with 
its  funds.  He  shall  prepare  and  submit  to  the  Board  of  Trustees  and  to  the  Executive 
Committee  plans  and  suggestions  for  the  work  of  the  Institution,  shall  conduct  its 
general  correspondence  and  the  correspondence  with  applicants  for  grants  and  with  the 
special  advisors  of  the  Committee,  and  shall  present  his  recommendations  in  each  case 
to  the  Executive  Committee  for  decision.  All  proposals  and  requests  for  grants  shall  be 
referred  to  the  President  for  consideration  and  report.  He  shall  have  power  to  remove, 
appoint,  and,  within  the  scope  of  funds  made  available  by  the  Trustees,  provide  for 
compensation  of  subordinate  employees  and  to  fix  the  compensation  of  such  employees 
with  the  limits  of  a  maximum  rate  of  compensation  to  be  established  from  time  to  time 
by  the  Executive  Committee.  The  President  shall  be  ex  officio  a  member  of  the  Executive 
Committee  and  the  Finance  Committee. 

3.2.  The  President  shall  be  the  legal  custodian  of  the  seal  and  of  all  property  of  the 
Institution  whose  custody  is  not  otherwise  provided  for.  He  shall  sign  and  execute  on 
behalf  of  the  corporation  all  contracts  and  instruments  necessary  in  authorized 
administrative  and  research  matters  and  affix  the  corporate  seal  thereto  when  necessary, 
and  may  delegate  the  performance  of  such  acts  and  other  administrative  duties  in  his 
absence  to  other  officers.  He  may  execute  all  other  contracts,  deeds,  and  instruments  on 
behalf  of  the  corporation  and  affix  the  seal  thereto  when  expressly  authorized  by  the 
Board  of  Trustees  or  Executive  Committee.  He  may,  within  the  limits  of  his  own 
authorization,  delegate  to  other  officers  authority  to  act  as  custodian  of  and  affix  the 
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corporate  seal.  He  shall  be  responsible  for  the  expenditure  and  disbursement  of  all  funds 
of  the  Institution  in  accordance  with  the  directions  of  the  Board  and  of  the  Executive 
Committee,  and  shall  keep  accurate  accounts  of  all  receipts  and  disbursements.  He  shall, 
with  the  assistance  of  the  Directors  of  the  Departments,  prepare  for  presentation  to  the 
Trustees  and  for  publication  an  annual  report  on  the  activities  of  the  Institution. 

3.3.  The  President  shall  attend  all  meetings  of  the  Board  of  Trustees. 

3.4.  The  corporation  shall  have  such  other  officers  as  may  be  appointed  by  the 
Executive  Committee,  having  such  duties  and  powers  as  may  be  specified  by  the 
Executive  Committee  or  by  the  President  under  authority  from  the  Executive  Committee. 

3.5.  The  President  shall  retire  from  office  at  the  end  of  the  fiscal  year  in  which  he 
becomes  sixty-five  years  of  age.  The  corporate  officers  appointed  by  the  Executive 
Committee  shall  retire,  and  the  Directors  of  Departments  shall  retire  as  Directors,  at  the 
end  of  the  fiscal  year  in  which  they  become  sixty-five  years  of  age,  except  as  otherwise 
required  by  law  or  as  retirement  may  be  deferred  by  the  Executive  Committee. 

ARTICLE  IV 

Meetings  and  Voting 

4.1.  The  annual  meeting  of  the  Board  of  Trustees  shall  be  held  in  the  City  of 
Washington,  in  the  District  of  Columbia,  in  May  of  each  year  on  a  date  fixed  by  the 
Executive  Committee,  or  at  such  other  time  or  such  other  place  as  may  be  designated  by 
the  Executive  Committee,  or  if  not  so  designated  prior  to  May  1  of  such  year,  by  the 
Chairman  of  the  Board  of  Trustees,  or  if  he  is  absent  or  is  unable  or  refuses  to  act,  by  any 
Trustee  with  the  written  consent  of  the  majority  of  the  Trustees  then  holding  office. 

4.2.  Special  meetings  of  the  Board  of  Trustees  may  be  called,  and  the  time  and  place 
of  meeting  designated,  by  the  Chairman,  or  by  the  Executive  Committee,  or  by  any 
Trustee  with  the  written  consent  of  the  majority  of  the  Trustees  then  holding  office.  Upon 
the  written  request  of  seven  members  of  the  Board,  the  Chairman  shall  call  a  special 
meeting. 

4.3.  Notices  of  meetings  shall  be  given  ten  days  prior  to  the  date  thereof.  Notice  may 
be  given  to  any  Trustee  personally,  or  by  mail  or  by  telegram  sent  to  the  usual  address 
of  such  Trustee.  Notices  of  adjourned  meetings  need  not  be  given  except  when  the 
adjournment  is  for  ten  days  or  more. 

4.4.  The  presence  of  a  majority  of  the  Trustees  holding  office  shall  constitute  a 
quorum  for  the  transaction  of  business  at  any  meeting.  An  act  of  the  majority  of  the 
Trustees  present  at  a  meeting  at  which  a  quorum  is  present  shall  be  the  act  of  the  Board 
except  as  otherwise  provided  in  these  By-Laws.  If,  at  a  duly  called  meeting,  less  than  a 
quorum  is  present,  a  majority  of  those  present  may  adjourn  the  meeting  from  time  to 
time  until  a  quorum  is  present.  Trustees  present  at  a  duly  called  or  held  meeting  at  which 
a  quorum  is  present  may  continue  to  do  business  until  adjournment  notwithstanding 
the  withdrawal  of  enough  Trustees  to  leave  less  than  a  quorum. 

4.5.  The  transactions  of  any  meeting,  however  called  and  noticed,  shall  be  as  valid 
as  though  carried  out  at  a  meeting  duly  held  after  regular  call  and  notice,  if  a  quorum  is 
present  and  if,  either  before  or  after  the  meeting,  each  of  the  Trustees  not  present  in 
person  signs  a  written  waiver  of  notice,  or  consent  to  the  holding  of  such  meeting,  or 
approval  of  the  minutes  thereof.  All  such  waivers,  consents,  or  approvals  shall  be  filed 
with  the  corporate  records  or  made  a  part  of  the  minutes  of  the  meeting. 

4.6.  Any  action  which,  under  law  or  these  By-Laws,  is  authorized  to  be  taken  at  a 
meeting  of  the  Board  of  Trustees  or  any  of  the  Standing  Committees  may  be  taken 
without  a  meeting  if  authorized  in  a  document  or  documents  in  writing  signed  by  all 
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the  Trustees,  or  all  the  members  of  the  Committee,  as  the  case  may  be,  then  holding  office 
and  filed  with  the  Secretary. 

4.7.  During  any  emergency  period  the  term  "Trustees  holding  office"  shall,  for 
purposes  of  this  Article,  mean  the  surviving  members  of  the  Board  who  have  not  been 
rendered  incapable  of  acting  for  any  reason  including  difficulty  of  transportation  to  a 
place  of  meeting  or  of  communication  with  other  surviving  members  of  the  Board. 

ARTICLE  V 

Committees 

5.1.  There  shall  be  the  following  Standing  Committees,  viz.  an  Executive  Committee, 
a  Finance  Committee,  an  Auditing  Committee,  a  Nominating  Committee,  and  an 
Employee  Benefits  Committee. 

5.2.  All  vacancies  in  the  Standing  Committees  shall  be  filled  by  the  Board  of  Trustees 
at  the  next  annual  meeting  of  the  Board  and  may  be  filled  at  a  special  meeting  of  the 
Board.  A  vacancy  in  the  Executive  Committee  and,  upon  request  of  the  remaining 
members  of  any  other  Standing  Committee,  a  vacancy  in  such  other  Committee  may  be 
filled  by  the  Executive  Committee  by  temporary  appointment  to  serve  until  the  next 
meeting  of  the  Board. 

5.3.  The  terms  of  all  officers  and  of  all  members  of  Committees,  as  provided  for 
herein,  shall  continue  until  their  successors  are  elected  or  appointed.  The  term  of  any 
member  of  a  Committee  shall  terminate  upon  termination  of  his  service  as  a  Trustee. 

Executive  Committee 

5.4.  The  Executive  Committee  shall  consist  of  the  Chairman,  Vice-Chairman,  and 
Secretary  of  the  Board  of  Trustees,  the  President  of  the  Institution  ex  officio,  and,  in 
addition,  not  less  than  five  or  more  than  eight  Trustees  to  be  elected  by  the  Board  by 
ballot  for  a  term  of  three  years,  who  shall  be  eligible  for  re-election.  Any  member  elected 
to  fill  a  vacancy  shall  serve  for  the  remainder  of  his  predecessor's  term.  The  presence  of 
four  members  of  the  Committee  shall  constitute  a  quorum  for  the  transaction  of  business 
at  any  meeting. 

5.5.  The  Executive  Committee  shall,  when  the  Board  is  not  in  session  and  has  not 
given  specific  directions,  have  general  control  of  the  administration  of  the  affairs  of  the 
corporation  and  general  supervision  of  all  arrangements  for  administration,  research, 
and  other  matters  undertaken  or  promoted  by  the  Institution.  It  shall  also  submit  to  the 
Board  of  Trustees  a  printed  or  typewritten  report  of  each  of  its  meetings,  and  at  the  annual 
meeting  shall  submit  to  the  Board  a  report  for  publication. 

5.6.  The  Executive  Committee  shall  have  power  to  authorize  the  purchase,  sale, 
exchange  or  transfer  of  real  estate. 

Finance  Committee 

5.7.  The  Finance  Committee  shall  consist  of  not  less  than  five  and  not  more  than  six 
Trustees  to  be  elected  by  the  Board  by  ballot  for  a  term  of  three  years,  who  shall  be  eligible 
for  re-election,  and  the  President  of  the  Institution  ex  officio.  The  presence  of  three 
members  of  the  Committee  shall  constitute  a  quorum  for  the  transaction  of  business  at 
any  meeting. 

5.8.  The  Finance  Committee  shall  have  custody  of  the  securities  of  the  Institution 
and  general  charge  of  its  investments  and  invested  funds  and  shall  care  for  and  dispose 
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of  the  same  subject  to  the  directions  of  the  Board  of  Trustees.  It  shall  have  power  to 
authorize  the  purchase,  sale,  exchange,  or  transfer  of  securities  and  to  delegate  this 
power.  For  any  retirement  or  other  benefit  plan  for  the  staff  members  and  employees  of 
the  Institution,  it  shall  be  responsible  for  supervision  of  matters  relating  to  investments, 
appointment  or  removal  of  any  investment  manager  or  advisor,  reviewing  the  financial 
status  and  arrangements,  and  appointment  or  removal  of  any  plan  trustee  or  insurance 
carrier.  It  shall  consider  and  recommend  to  the  Board  from  time  to  time  such  measures 
as  in  its  opinion  will  promote  the  financial  interests  of  the  Institution  and  improve  the 
management  of  investments  under  any  retirement  or  other  benefit  plan.  The  Committee 
shall  make  a  report  at  the  annual  meeting  of  the  Board. 

Auditing  Committee 

5.9.  The  Auditing  Committee  shall  consist  of  three  members  to  be  elected  by  the 
Board  of  Trustees  by  ballot  for  a  term  of  three  years. 

5.10.  Before  each  annual  meeting  of  the  Board  of  Trustees,  the  Auditing  Committee 
shall  cause  the  accounts  of  the  Institution  for  the  preceding  fiscal  year  to  be  audited  by 
public  accountants.  The  accountants  shall  report  to  the  Committee,  and  the  Committee 
shall  present  said  report  at  the  ensuing  annual  meeting  of  the  Board  with  such 
recommendations  as  the  Committee  may  deem  appropriate. 

Nominating  Committee 

5.11.  The  Nominating  Committee  shall  consist  of  the  Chairman  of  the  Board  of 
Trustees  ex  officio  and,  in  addition,  three  Trustees  to  be  elected  by  the  Board  by  ballot  for 
a  term  of  three  years,  who  shall  be  eligible  for  re-election,  but,  after  serving  for  two 
consecutive  terms,  not  until  after  the  lapse  of  one  year.  Any  member  elected  to  fill  a 
vacancy  shall  serve  for  the  remainder  of  his  predecessor's  term.  The  Chairman  of  the 
Board  shall  appoint  a  member  of  the  Committee  as  Chairman  for  a  term  expiring  no  later 
than  the  expiration  of  his  term  as  a  member. 

5.12.  Sixty  days  prior  to  an  annual  meeting  of  the  Board  the  Nominating  Committee 
shall  notify  the  Trustees  by  mail  of  the  vacancies  to  be  filled  in  the  membership  of  the 
Board.  Each  Trustee  may  submit  nominations  for  such  vacancies.  Nominations  so 
submitted  shall  be  considered  by  the  Nominating  Committee,  and  ten  days  prior  to  the 
annual  meeting  the  Nominating  Committee  shall  submit  to  members  of  the  Board  by 
mail  a  list  of  the  persons  so  nominated,  with  its  recommendations  for  filling  existing 
vacancies  on  the  Board  and  its  Standing  Committees.  No  other  nominations  shall  be 
received  by  the  Board  at  the  annual  meeting  except  with  the  unanimous  consent  of  the 
Trustees  present. 

Employee  Benefits  Committee 

5.13.  The  Employee  Benefits  Committee  shall  consist  of  not  less  than  three  and  not 
more  than  four  members  to  be  elected  by  the  Board  of  Trustees  by  ballot  for  a  term  of 
three  years,  who  shall  be  eligible  for  re-election,  and  the  Chairman  of  the  Finance 
Committee  ex  officio.  Any  member  elected  to  fill  a  vacancy  shall  serve  for  the  remainder 
of  his  predecessor's  term. 

5.14.  The  Employee  Benefits  Committee  shall,  subject  to  the  directions  of  the  Board 
of  Trustees,  be  responsible  for  supervision  of  the  activities  of  the  administrator  or 
administrators  of  any  retirement  or  other  benefit  plan  for  staff  members  and  employees 
of  the  Institution,  except  that  any  matter  relating  to  investments  or  to  the  appointment 
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or  removal  of  any  trustee  or  insurance  carrier  under  any  such  plan  shall  be  the 
responsibility  of  the  Finance  Committee.  It  shall  receive  reports  from  the  administrator 
or  administrators  of  the  employee  benefit  plans  with  respect  to  administration,  benefit 
structure,  operation,  and  funding.  It  shall  consider  and  recommend  to  the  Board  from 
time  to  time  such  measures  as  in  its  opinion  will  improve  such  plans  and  the 
administration  thereof.  The  Committee  shall  submit  a  report  to  the  Board  at  the  annual 
meeting  of  the  Board. 

ARTICLE  VI 

Financial  Administration 

6.1.  No  expenditure  shall  be  authorized  or  made  except  in  pursuance  of  a  previous 
appropriation  by  the  Board  of  Trustees,  or  as  provided  in  Section  5.8  of  these  By-Laws. 

6.2.  The  fiscal  year  of  the  Institution  shall  commence  on  the  first  day  of  July  in  each 
year. 

6.3.  The  Executive  Committee  shall  submit  to  the  annual  meeting  of  the  Board  a  full 
statement  of  the  finances  and  work  of  the  Institution  for  the  preceding  fiscal  year  and  a 
detailed  estimate  of  the  expenditures  of  the  succeeding  fiscal  year. 

6.4.  The  Board  of  Trustees,  at  the  annual  meeting  in  each  year,  shall  make  general 
appropriations  for  the  ensuing  fiscal  year;  but  nothing  contained  herein  shall  prevent 
the  Board  of  Trustees  from  making  special  appropriations  at  any  meeting. 

6.5.  The  Executive  Committee  shall  have  general  charge  and  control  of  all 
appropriations  made  by  the  Board.  The  Committee  shall  have  full  authority  to  allocate 
appropriations  made  by  the  Board,  to  reallocate  available  funds,  as  needed,  and  to 
transfer  balances. 

6.6.  The  securities  of  the  Institution  and  evidences  of  property,  and  funds  invested 
and  to  be  invested,  shall  be  deposited  in  such  safe  depository  or  in  the  custody  of  such 
trust  company  and  under  such  safeguards  as  the  Finance  Committee  shall  designate, 
subject  to  directions  of  the  Board  of  Trustees.  Income  of  the  Institution  available  for 
expenditure  shall  be  deposited  in  such  banks  or  depositories  as  may  from  time  to  time 
be  designated  by  the  Executive  Committee. 

6.7.  Any  trust  company  entrusted  with  the  custody  of  securities  by  the  Finance 
Committee  may,  by  resolution  of  the  Board  of  Trustees,  be  made  Fiscal  Agent  of  the 
Institution,  upon  an  agreed  compensation,  for  the  transaction  of  the  business  coming 
within  the  authority  of  the  Finance  Committee. 

6.8.  The  property  of  the  Institution  is  irrevocably  dedicated  to  charitable  purposes, 
and  in  the  event  of  dissolution  its  property  shall  be  used  for  and  distributed  to  those 
charitable  purposes  as  are  specified  by  the  Congress  of  the  United  States  in  the  Articles 
of  Incorporation,  Public  Law  No.  260,  approved  April  28,  1904,  as  the  same  may  be 
amended  from  time  to  time. 

ARTICLE  VII 

Amendment  of  By-Laws 

7.1.  These  By-Laws  may  be  amended  at  any  annual  or  special  meeting  of  the  Board 
of  Trustees  by  a  two-thirds  vote  of  the  members  present,  provided  written  notice  of  the 
proposed  amendment  shall  have  been  served  personally  upon,  or  mailed  to  the  usual 
address  of,  each  member  of  the  Board  twenty  days  prior  to  the  meeting. 
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